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ABSTRACT 
The Significance of Streambed Sediments As A Reservior of Cryptosporidium Oocysts 
Christopher Scott Crockett 
Charles N. Haas, Ph.D. 
 
 
 
 
The identification of the sources and mechanisms for the fate and transport of 
Cryptosporidium is important to its control by water suppliers and public health officials.  
This study examines the role that sediments have in concentrating and resuspending 
Cryptosporidium oocysts in the environment and its potential impact on water column 
concentrations.  To investigate these aspects of sediment, a new analytical method was 
successfully developed in this study to isolate and recover Cryptosporidium oocysts from 
sediment matrices.  The new method observed recoveries within the requirements for all 
ranges established in USEPA Method 1623.  A field study was also performed to 
characterize the presence and concentrations of Cryptosporidium oocysts in local 
streambed sediments.  Cryptosporidium oocysts were detected in the sediments at a 
frequency similar to that observed in the water column (33%).  Comparing the mean 
concentrations in the sediment and in the water column, concentrations of Giardia and 
Cryptosporidium in the sediment were 80 and 147 times greater than in the water column 
respectively.  The equivalent median concentration of Cryptosporidium in sediment was 
statistically greater than that in the water column during the study period.  Streambed 
sediment resuspension was estimated to comprise from 4% to 27% of the total 
Cryptosporidium flux for the Wissahickon Creek depending upon the depth of sediment 
resuspended and the range of concentrations in the sediment and water column.  It was 
also estimated that resuspension of the top 1 to inches of sediment could increase 
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concentrations in a standing water body (lake or reservoir) by a factor of ten.  Based on 
these findings, sediment has the potential to play a significant role in any watershed as a 
significant source and sink of Cryptosporidium oocysts and therefore must be factored 
into most, if not all, watershed management and public health strategies.  The most 
effective approach may include employing combined strategies focused on reduction or 
treatment of elevated levels of Cryptosporidium from constant discharge sources, 
overland sources, or sediment loading and bed load transport in a manner that is 
complimentary to existing programs designed to address other contaminants and balanced 
against cost effectiveness measures. 
  
xv
  
1
1. INTRODUCTION 
 
 
The identification of the sources and mechanisms for the fate and transport of 
Cryptosporidium are important to its control by water suppliers and public health 
officials.  Based on the proposed Long Term 2 Enhanced Surface Water Treatment Rule 
(LT2ESWTR), water suppliers will be regulated based on raw water concentrations of 
Cryptosporidium.  Water utilities with average annual concentrations beyond 0.075 
oocysts/L will be required to implement additional treatment or implement a watershed 
control program to reduce sources of Cryptosporidium in the raw water.  Currently the 
Philadelphia Water Department is investigating the sources and factors that have the most 
influence on raw water Cryptosporidium concentrations to assess feasibility of future 
watershed control practices.  
 
Past studies in Philadelphia have observed that Cryptosporidium concentrations during 
storm periods in winter and spring seasons may increase by over a factor of ten (Crockett, 
1999).  Most of these increases correlated significantly with increases in coliforms, 
turbidity, and flow in the river.  The questions that arise about controlling these elevated 
concentrations is whether they originate directly from runoff or if they are related to the 
resuspension and transport from riverbed and streambed sediments that have settled 
behind the many desilting dams throughout the watershed.  Given many of the streams 
are influenced by urban runoff and considered flashy, sediment transport must be 
considered.  Also, recent studies by Medema et al. (1998) have indicated that 
Cryptosporidium oocysts in wastewater effluent associate with waterborne particulates 
and settle in the water column.  This data has been further supported by limited data from 
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studies by Graczyk et al. (2003) in the Potomac River Basin.  Therefore, the continuous 
discharge of Cryptosporidium from 79 wastewater treatment plants upstream could be 
accumulating in the streambed sediments to significant proportions during dry weather 
periods.  Understanding the true contribution from point and non-point sources is 
important to assess the feasibility of watershed control practices.  Discharge of 
Cryptosporidium from point sources such as wastewater discharges or farms can be 
controlled much more effectively and easily than from controlling runoff throughout the 
entire watershed or in urban/suburban areas.  Understanding the importance of sediment 
as a reservoir for Cryptosporidium in the watershed is critical to assessing these future 
control strategies. 
 
1.1 Background and Literature Survey 
 
 
Sediment has traditionally been considered both a potential sink and source in the fate 
and transport of many environmental contaminants including phosphorous, metals, 
organic compounds, and coliforms.  Therefore, the potential for sediment to serve as a 
reservoir of Cryptosporidium must be evaluated.  This includes examining the traditional 
role of sediment to serve as a reservoir for similar negatively charged materials such as 
bacteria and phosphorus. 
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1.1.1 The History of Sediment as A Source of Microorganisms 
 
In past studies, fecal coliforms have been shown to adsorb to sediment and be present in 
concentrations up to 100 to 1000 more times than fecal coliforms present in the overlying 
water using equivalent sediment and water volumes (Van Donsel and Geldreich 1971).  
Other studies comparing bacteria and viruses in seawater to seabed sediments observed 
that viruses were found in greater numbers in sediment than in overlying seawater on a 
volume basis (Labelle et al. 1980).  In fact, the authors also suggest using sediments as 
indicators of long-term water quality for viruses and bacteria instead of water 
measurements.  Additional studies have also been conducted by a number of researchers 
to understand the significance of sediment resuspension by recreation, flow manipulation, 
and livestock activity, on the overlying water quality.  These studies (Figure 1 and Table 
1) have reported wide ranges of pathogens in sediment ranging from 1 to over 1,000 
times greater than in the overlying water.  Based on a detailed examination of these 
studies, it appears that this widely varying range can be attributed due to experimental 
design, site to site sediment variability, or analytical variability. 
 
 
  
4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1-1.  Comparison of the Levels of Microorganisms in Sediments With The 
Water Column 
 
 
As shown in Table 1, a study of rangeland stream bottom resuspension observed that 
raking resuspended 1.8 million to 760 million fecal coliforms per square meter and cattle 
access to the stream increased organism concentration in the underlying sediments 
(Sherer et. al 1988).  The study observed the average fecal coliform concentration in the 
overlying water was increased by 17.5 times by disturbing the stream bottom.  Manure 
slurry was also added to the stream and rakings were performed to determine the amount 
of deposition within 25 meters of introduction.  Results showed that 90% or more of the 
organisms were deposited within a 25-meter stretch in the stream.  The authors concluded 
1 10 100 1000 10000
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that when fresh fecal matter is added to a stream, most of the coliforms were deposited on 
the stream bottom.  However, when the stream bottom was immediately disturbed either 
via flow increases or direct interaction with people or animals, these bacteria were subject 
to resuspension.  The researchers also observed that fecal coliform counts in the stream 
could remain elevated for months after cattle were removed from an area.  The authors 
hypothesized that this was because the coliforms were still present in the sediment and 
require flushing for a period before their influence is negligible. 
 
Another study of indicator bacteria in stream sediments affected by livestock conducted 
in Wyoming observed that disruption of stream-bottom sediment increased the mean 
concentration of fecal coliforms by a factor of 1.7 (Gary and Adams, 1985).  Only low 
levels of fecal coliforms were detected in the sediments, except in areas were sheep and 
cattle had recently grazed.  The author concluded that sediment was not a significant 
secondary source of fecal coliforms, contrasting what was observed by Van Donsel and 
Sherer.  However, this was the only study that provided any evidence that sediment was 
not a source of pathogens. 
 
Studies of the effects of hydraulic dredging and flow manipulation on resuspension of 
coliforms have also demonstrated the significance of sediment as a source of 
microorganisms.  A study of hydraulically dredged Mississippi River sediment observed 
820 coliforms per gram wet weight of sediment.  Directly below the dredge discharge 
area total and fecal coliform densities were approximately four times the corresponding 
upstream values and fecal streptococcus densities were 50 times the corresponding 
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upstream values.  Examination of the percent makeup of total coliforms by fecal 
coliforms by the author showed a similar proportion to that observed in raw sewage 
(33%).  The author hypothesized that these results implied that wastewater discharge was 
a source of the coliforms in the sediment.  The nearest wastewater discharge, 200 mgd 
from Minneapolis-St. Paul, was 33 hours travel time upstream. 
 
A study of flow manipulation and bacteria in sediment examined the hypothesis that the 
increase in bacterial numbers during stormflow hydrographs was caused by movement of 
bacteria from surface and near-surface fecal sites by throughflow, pipeflow, and overland 
flow during the rainstorm (McDonald et. al 1982).  The researchers created artificial 
reservoir releases to examine if concentrations of coliforms in the water column would 
increase. Two back-to-back hydrograph events were produced in order to discern the 
differences between side-channel bacterial contributions during rising water levels from 
those of streambed sediment.  The study observed a 10-fold increase in total coliform 
concentration during the first hydrograph peak and another 10-fold increase in total 
coliform during the second hydrograph peak.  A total of three replicate pulses showed 
similar bacterial responses to increased flow.  Authors observed a marked bacteria 
response with a peak of 10 to 30 times the baseflow concentration during the rising limb 
of the hydrograph.  However, they observed a subsequent decline in bacterial 
concentration despite the maintenance of a high flow regime suggesting that continued 
high flow appears to flush out the available bacterial store.  This was further confirmed 
by another artificial pulse experiment performed after a major natural hydrograph peak 
which was expected to deplete the sediment stored bacteria.  In this experiment, the 
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coliform concentrations did not increase with flow and turbidity during the artificial pulse 
because the bacteria stored in the sediment had been depleted/washed out in the previous 
major hydrograph event.  The study also observed a significant relationship between 
coliforms concentrations in the water column and measured turbidity.  A turbidity 
increase from 5 ntu to 25 ntu appeared to create an increase of 2 log in the total coliform 
concentrations. 
 
Studies of resuspension by recreation further show the significance of sediment as a 
reservoir of pathogens.  A study of three Toronto waterfront beaches observed increases 
in bacterial densities due to sediment resusupension (Palmer, 1988).  The loadings due to 
sediment resuspension varied from 0 to 1410 fecal coliforms / (m2s).  Sediment loadings 
in excess of 100 fecal coliforms / (m2s) caused significant increases in the water fecal 
coliform densities in shallow beach areas to go beyond 100 fecal coliforms /100mL. 
 
A study of the impact of sediment resuspension by recreational users on fecal coliforms 
in Oak Creek, Arizona observed sediment concentrations to be on average 2200 times 
that in the water body (Crabhill et al. 1999).  Studies of sediment concentrations over 
seasons identified that the reservoir of fecal coliforms in sediment was established before 
any major pollution events were recorded in the overlying water.  In addition, high fecal 
coliform counts in the water column did not occur without both visitation and sediment 
fecal pollution present.  Furthermore, the impact of sediment was observed to be 
important during the period of October through December when summer rains and 
recreational use no longer occurred.  During this period the sediments continued to be 
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polluted, but the fecal coliform levels in the overlying water column did not have any 
corresponding impact because recreation or increased runoff flow did not disturb 
sediment.  The authors conclude that the obvious interaction between sediments and 
water is significant and that sediments can serve as reservoirs of fecal pollution. 
 
A study of the impacts of ship passage on bacteria levels in the Buffalo River, New York 
observed significant increases of up to one log in the fecal coliform concentrations in the 
water (Pettibone et al. 1996).  Ship passage was observed to increase fecal coliform levels 
beyond 200 cfu/100mL for at least 100 minutes.  Additional examination of the particle 
sizes in the water column before and after ship passage observed the median particle size 
to be 48.9-56.6 microns and  366.5-391 microns respectively.  Another study of aquifers 
contaminated and uncontaminated by raw sewage observed that a majority of the bacteria 
were bound to the surfaces of particulates less than 60 microns in diameter (Harvey et al., 
1994).  This data suggests that the fecal coliforms were bound to particulates in the silt 
and fine sand size range (10 to 100 microns).  Based on studies of natural settling by 
particles of various sizes, bacteria adsorbed to fine sands and silt would need 38 seconds 
and 33 minutes respectively to settle 1 foot in depth in undisturbed waters (AWWA, 
1984).  These settling rates would make it plausible for bacteria absorbed to particulates 
to be attenuated in lake and river systems. 
 
Additional studies of total coliform concentrations in sediment of subtropical rainforests 
in Queensland, Australia was observed to be on average 1000 times higher than that in 
the overlying water column (Buckley et al., 1998).  This study also identified eighteen 
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individual bacterial species in the Enterobacteriacceae and Vibronaceae family.  These 
include species of Klebsiella, Enterobacter, Escherichia, Acinteobacter, Citrobacter, 
Serratia, Providencia, Morganella, Plesiomonas, and Actimonas.  Two of the species, 
Plesiomonas shigelloides and Aeromonas hydrophila, are pathogenic to humans.   
 
Finally, recent studies of stormwater have confirmed the importance of particle 
associations between sediment and microorganisms suggesting that up to an additional 1 
log of bacteria are attached to the particles in stormwater runoff (Borst and Selvakumar, 
2003).  Other studies have indicated that 15-20% of the fecal coliform cells present in 
untreated stormwater were adsorbed to suspended particles greater than 30 microns in 
diameter (Schillinger and Gannon, 1985).  As shown in the previous studies, sediment 
can harbor a variety of microbiological pathogens and could therefore also serve as a 
source of protozoa pathogens. 
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Table  1-1.  Summary of Sediment Resuspension Studies 
Study Increase in 
water 
column 
fecal 
coliforms by 
disturbance 
of sediment 
Fecal Strep. 
increase by 
disturbance 
of sediment 
Resuspension 
amount 
Concentrations 
fecal coliforms in 
sediment 
Area 
Sherer et al., 
1988 
17.5 times 
(avg) 
4.6 times 1.8 X106 to 7.6 X 
108 per m2 
 Oregon 
Gary and 
Adams, 1985 
1.7 times 1.1 to 19.5 
times (2.7 
times on avg.) 
 4 to 2500 colonies 
per g of wet 
weight (mean) 
Wyoming 
Grimes et al., 
1980 
4 50  820 coliforms per 
gram dry 
Mississippi 
River, Mn 
McDonald et. 
al., 1982 
(102 to 103.2) 
Total 
Coliform 
102 to 103.5 
E.coli 
   United 
Kingdom 
Palmer et al., 
1988 
    Toronto 
Crabhill et al., 2200 times 
coliforms in 
water 
column 
  2200 times 
coliforms in water 
column 
Arizona 
Buckley et al., 
1998 
1000 times 
the overlying 
water 
column (avg. 
TC) 
  1000 times the 
overlying water 
column (avg. TC) 
Queensland
, Australia 
Pettibone et 
al., 1996 
10 fold 
increase 
   Buffalo, 
NY 
Stephenson et 
al., 1982 
   2 to 760 times 
greater than 
overlying water 
column. (49 to 
8579/g of 
sediment) 
Idaho 
Matson et al., 
1978 
   230 to 2,500 times 
greater than 
overlying water 
column. 
Connecticut
, below 
STP 
discharge 
Van Donsel 
and Geldreich 
1971 
  103 X107 per 100 
cm3 
100 to 1,000 times 
greater than 
overlying water 
column. 
NA 
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1.2 The Potential for Sediment to be A Source of Cryptosporidium 
 
There is a growing body of evidence that Cryptosporidium oocysts can and do associate 
with particulate surfaces.  The current data does not indicate the type, strength, or 
mechanisms for the development of these associations.  In addition, there is significant 
basic research missing about the cell wall structure and its changes in response to the 
aquatic or sediment environment.  Overall, the factors of oocyst density, survival, surface 
charges, and evidence of adsorption or adhesion all combine to determine the potential 
for sediment to have a role in being a significant source of Cryptosporidium in 
streambeds. 
 
1.2.1 Density 
 
The oocyst C. parvum has an average diameter of 4-5 microns, which is approximately 
the size of clay and fine silt particles.  The density of Cryptosporidium oocysts range 
from > 1gm/cm3 to 1.06 gm/cm3 based upon the results of a number of studies where 
oocysts were isolated from feces (Fayer, 1997).  The density of environmentally isolated 
oocysts or aged oocysts has never been investigated.  This light density allows for 
oocysts to be buoyant in runoff and waters for significant environmental transport. 
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1.2.2 Environmental Survival 
 
The survival of oocysts in the natural environment is a significant factor to consider when 
evaluating the potential for sediment to serve as a source of Cryptosporidium.  Based on 
the results of various studies, oocysts have been shown to survive in river waters between 
30 and 176 days (Robertson et al. 1992 and Heisz 1997).  Recent studies by Sattar et al. 
(1999) observed that in synthetic hard water approximately 30 to 70% of the oocysts 
retained viability beyond 100 days at temperatures of 21°C and 4°C respectively.    In 
natural river waters only 20% of the oocysts retained viability after 30 to 50 days with the 
greatest survival observed at lower temperatures of 4°C.  Though it must be mentioned 
that these studies used excystation techniques to measure infectivity and therefore may 
have overestimated survival periods. 
 
A very comprehensive study of the factors affecting oocyst survival was conducted by 
Sattar et al. (1999).  These researchers observed the following characteristics that suggest 
oocyst survival in the environment is significant and that storage periods in stream 
sediments will not have major effects on oocyst survival: 
 
• Water hardness did not affect oocyst survival even at the experimental limits of 
110 mg/L  
• Temperatures above 25°C diminished oocyst survival 
• Exposures to sunlight, black light, and shortwave ultraviolet light diminished 
oocyst survival. 
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• Anaerobic conditions had only a slight effect at the levels tested.  Between a pH 
of 5 and 9 no effect was observed. 
• Sand shearing inactivated oocysts in an almost linear fashion with shearing time, 
although pressures up to 2,000 psi (13.8 MPa) had little effect on oocyst 
excystation. 
• Desiccation reduced oocyst viability, although 28 to 47% remained viable after 24 
hours at 20°C in synthetic hard water or triptose phosphate broth.  Organic 
material appeared to offer limited protection during drying. 
• Freezing at –20°C substantially reduced oocyst viability.  Cycles of freezing and 
thawing also reduced oocyst viability. 
• Analysis of seeded samples both of raw sewage and activated and coagulated 
sludges showed significant survival of the oocysts. 
• Freshly purified oocysts and aged oocysts (up to 3 months) seemed to exhibit 
similar survival characteristics. 
• Microbial antagonism in natural waters appears to decrease parasite survival 
profoundly compared to tap water.  The data suggest that heterotrophic bacteria 
present were the only significant factors affecting oocyst decline. 
 
Based on the combined findings of the previous studies, it appears that oocysts should 
be able to survive for suitable periods (less than two weeks) in sediment to be 
resuspended in a viable form that can impact water quality. 
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1.2.3 Oocyst Surface Charge 
 
Net surface charge and hydrophobicity are important factors governing microbial 
sorption to surfaces.   There have been a number of studies to measure the surface charge 
or changes in surface characteristics of oocysts using a variety of methods.  This section 
provides the results of those studies and attempts to reconcile conflicting findings. The 
most recent and comprehensive study of C. parvum oocyst charge and hydrophobicity 
investigated the surface properties of oocysts by using electrophoretic mobility and 
hydrophobicity measurements (Butkus, et al. 2003).  The study used capillary 
microelectrophoresis to probe surface characteristics of oocysts and related the results to 
the stability of oocysts in water.  The findings observed that oocysts washed in a 
phosphate buffer solution had neutrally charged surfaces while those washed in distilled 
water had both neutral and negatively charged surfaces.  These results suggests that 
washing oocysts in low ionic strength distilled water can impart a negative charge to a 
fraction of the oocysts in the solution.  Coagulation experiments using a salt solution did 
not observe aggregation of oocysts suggesting the stability is a result of Lewis acid-base 
forces, steric stabilization, or some other factor.  The combination of the previous 
observations suggests that oocysts do not always have a surface charge and that the 
surface charge may be altered by washing oocysts with distilled water.  This further 
suggests that the stability of oocysts in the water column is related to properties other 
than surface charge, such as hydrogen bonding or steric stabilization.  Therefore, 
precipitate enmeshment may be the optimal mechanism for removal of oocysts by 
coagulation as suggested by in other studies (Bustamante et al. 2001) where low surface 
  
15
densities of active or charge sites caused a lack of specific adsorption of coagulants to 
oocysts. 
 
Prior to the Butkus study, a study by Brush (Brush et al, 1998) compared the effects of 
different pretreatment and preprocessing methods on the changes in electrophoretic 
mobility and hydrophobicity.  Brush reported that the DIS method (Deionized Sugar) 
exhibited an electrophoretic mobility of very close to zero throughout the pH range 
examined.  The researchers thus concluded that the DIS method more closely prepared 
oocysts as they occur in natural waters due to limited exposure to surface charge 
changing chemicals.  Oocysts purified with the EAPS method (Ethyl Acetate Percoll-
Sucrose) that uses a protein cross linking agent (formalin), defatting agents (ethyl 
acetate), and a polyvinylpyrrolidone containing agent (Percoll) in addition to sucrose, 
observed an electrophoretic mobility strongly dependent on pH.  It was hypothesized that 
these chemicals altered the oocyst surface chemistry including charged ionic groups to a 
much greater degree than the DIS method.  Follow up experiments by the researcher that 
observed changes in oocyst wall permeability after contact with ethyl acetate further 
corroborate this impact.  The researchers recommended that ethyl acetate not be used to 
purify oocysts for use in studies of their surface properties and that reagents such as 
formalin, potassium dichromate, and Percoll be avoided or used with caution. 
 
Brush et al. found the electrophoretic mobility observed using the DIS method (the more 
natural method) was different than that reported in previous studies by others.  In fact, the 
results of electrophoretic mobility using the EAPS method (or surface property altering 
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method) were more similar to the results of previous researchers.  Examination of pre-
processing and preparation techniques in previous studies showed similar use of surface 
property altering chemicals that would provide deceiving measurements of 
electrophoretic mobility (Drozd et al. 1996) 
 
Investigations to determine hydrophobicity using polystyrene spheres at a variety of ionic 
strengths observed that 2-week-old oocysts were less strongly attracted to negatively 
charged surfaces than 2-month-old oocysts (Brush et al, 1998).  For ionic strengths of 
over 20 mmol/L approximately 20% of the 2-week-old oocysts adhered to the substrate, 
compared to over 60% of the 2-month-old oocysts.    These results suggest that the 
hydrophobicity of the oocyst surface change as the oocysts age after they are introduced 
to the environment.   
 
The adhesion capacity of oocysts was also modeled in the Brush study using the 
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory (Verwey & Overbeck, 1948).  
This theory describes the long-range forces involved in temporary particle-surface 
adhesion and has been used successfully for viruses and bacteria on clays and related 
particles in soil and water (Lytle, et al., 2000).    The long-range energy balance 
determines whether temporary adhesion occurs and whether the opportunity for 
permanent adhesion exists.  Using this method, it was hypothesized by the Brush that 
since the surface charge of the oocysts remained constant with age (observed), the 
observed increase in adhesion over time resulted from changes in the chemical makeup of 
the oocyst surface as they aged. 
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The DLVO theory explanation is further corroborated by results by Whitmore and Nazir 
(1999) who observed an effect of pH on hydrophobic and electrostatic interactions of 
Cryptosporidium.  They observed at a pH of approximately 5.5, oocysts carry zero charge 
which is a much higher pH for isoelectric points than measured in the studies by Brush 
(1998), and Drozd (1996).  The study also observed that the zeta potential of oocysts is 
negative at pH values less than 5.5 and positive at pH values greater than 5.5.  The 
researchers hypothesized that increased ionic strength (high alkalinity or acidity) will 
suppress electrostatic interactions.  This was demonstrated by zeta potential reductions in 
the negative charge with increasing salt solution concentrations of calcium, magnesium, 
chloride, and nitrate.  They also suggested that an oocyst charge reversal to a positive 
state by aluminum sulfate was due to a decrease in pH and adsorption of aluminum ions 
to the oocysts.  These observations corroborate similar observations made with metal 
oxide sorption experiments.  The researchers further suggested that the dependence on 
pH could be used to control the hydrophobic and electrostatic properties of oocysts.  
Examinations of hydrophobicity dependence on pH observed that maximum adhesion 
occurs at a pH of 5.  No explanations were provided as to why maximum adhesion 
occurred at this pH. 
 
Surface charge characteristics described in the previous studies suggest that oocysts have 
the ability to adsorb or adhere to particulate surfaces under certain conditions.  Therefore, 
there is a potential that water column or streambed sediments could bind with oocysts in 
the environment. 
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1.2.4 Evidence of Potential for Binding to Particulates 
 
The oocyst cell wall is highly heterogeneous, composed of surface proteins and lipids and 
carbohydrates. The only study indicating information about the effects of aging and 
natural stresses on sorption were observed by Brush (1997).  In this study, the adhesion 
of oocysts to polystyrene surfaces increased with oocyst age at ionic solution strengths 
from 20 to 90 mmol/l.  
 
Some studies have indicated that oocysts may have high affinity for mineral and organic 
fractions of soils that effectively change the diameter and mass of the oocysts as a 
particle in the soil and water environment (Walker et. al, 1998a).  As the effective 
diameter and mass of a particle change, the threshold and kinetic energy needed to 
entrain and transport the particle in flowing water may change. 
 
Another study by Mawdsley (1996a), concluded that oocysts did not sorb significantly to 
soil particles.  The author hypothesized that this may be due to the net negative charge of 
the oocysts would have little potential to sorb to negatively charged particles in the soil 
environment.  The net negative charge of oocysts was further observed by Walker et al. 
(1998b) based on comparison of oocyst sorption to oxides of aluminum, iron, and silicon 
in aqueous environmental of neutral pH.  Another study Walker (2000) however suggests 
that oocysts may bind to soil particles and the sorption can be reversed by the frictional 
force of flowing water.  The study exposed aqueous suspensions of C. parvum oocysts to 
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metal oxide and hydrophobic substrates (Al2O3, Fe2O3, SiO2, and octadecyltrichlorosilane 
(OTS), CH3(CH2)17SiCL3, (a hydrophobic monolayer).  Under laminar flow conditions, 
sorption was observed for unexposed oocysts and oocysts subjected to freeze-thaw 
cycling and desiccation.  The results indicated differences in sorption between substrates 
and oocyst exposure to stresses.  Regardless of exposure to stress, oocysts sorbed to 
Al2O3 but not to Fe2O3, OTS, and SiO2.  Of the starting number of oocysts added to the 
microduct, with Al2O3 substrates, 61% of the freeze-thawed, 43% of the desiccated 
oocysts, and 4% of the unexposed oocysts remained sorbed.  Propidium iodide staining of 
DNA indicates that the observed differences in sorption may be due to loss of integrity of 
the oocyst wall and dispersion of nucleic acids within the interior of the oocyst.  If oocyst 
nucleic acids were exposed via the observed fissures in the oocyst walls, the magnitude 
of the negative charge would increase due to the presence of negatively charged 
phosphate groups in the DNA and RNA molecules.  This would lead to enhanced 
sorption of Al2O3 that has a positive charge at neutral pH.  Overall the study concluded 
that charge-based interactions with colloids might be most pronounced when the oocyst is 
no longer capable of initiating infection. 
 
Most of the substrates used in the study estimated different soil textures.  OTS 
represented organic matter, SiO2 represented sands, and the aluminum and iron oxides 
represented a majority of silts and clays.  The researchers indicated that the presence of 
clay and silt sized particles, highly enriched in oxides and hydroxyoxides may have a 
significant effect on the transport or attenuation of noninfective oocysts.  However, 
  
20
infective, intact oocysts may enter overland flow as biocolloids without an associated 
solid-phase sorption site. 
 
The results of Walker suggest that sediment may be a significant reservoir of non-
infectious and damaged oocysts.  Therefore, the increased number of oocysts observed 
during storm events, if due to sediment, may also be incapable of initiating infection. 
 
A number of studies have indicated that oocysts are bound to particulates in soil in 
aquifers by mechanical filtration processes and not by sorption processes (Mawdsley 
1996a).  One study by Anguish and Ghiorse (1997) reported that C. parvum oocysts 
seeded into soil samples and suspended in DI water, PBS, or 0.1% sodium pyrophosphate 
did not closely associate with inorganic or organic soil particles.  The determination of 
whether oocysts will bind to sediment, soil, or particulates in general is further clouded 
by observations from other studies that have demonstrated potential for oocysts to bind to 
soils, sediments, or particulates in water.   
 
One study which examined the use of different techniques for the detection and 
enumeration of Cryptosporidium in feces, manures, and soils observed that clay content 
of the soils was linearly correlated with recovery and decreased as clay content increased 
(Kuczynska and Shelton, 1999).  In addition, the comparison of different dispersion 
reagents  (Tween 80, Tris, and Tris-Tween 80) to water and PBS observed very low 
recoveries of less than 0.1% without the dispersing agents and demonstrated that oocysts 
adhere to soil particles.  The authors noted that though there are great differences in the 
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densities of oocysts and soils (1.05 and 2.65 g/mL, respectively), the expectation of 
simple separation did not occur.  The author also noted that these observations are in 
contrast to previous observations by Anguish and Ghiorse and indicates that oocysts 
adhere to soil particles, especially mineral soils. 
 
This observation of oocyst attachment with particles was also noted in studies of particle 
attachment and sedimentation of Giardia and Cryptosporidium by Medema (1998).  This 
study mixed oocysts with secondary effluent from an activated sludge wastewater 
treatment plant.  The majority of the particles in the effluent (>99%) were <10 microns 
with only a small fraction of large biofloc particles reaching 400 microns in size.  It was 
observed that 30% of both cysts and oocysts attached to particles during the first minutes 
of mixing.  This fraction increased to 75% after 24 hours, but did not increase at any 
times beyond 24 hours.  It was determined that sedimentation of attached oocysts is 
governed by the sedimentation kinetics of the effluent particles.  The sedimentation 
velocities of the attached particle oocyst complexes were observed to be 0.4 to 40 
microns per second.  The author warned however that the purification methods for the 
oocyst stocks and the age of the oocysts might effect the ability of oocysts to bind to 
particulates in the natural environment.   
 
The original study of protozoa movement through soils observed that movement of C. 
parvum oocysts through soil and into leachate was greater in a silty loam and a clay loam 
soil than in a loamy sand soil (Mawdsley et al., 1996a).   This was hypothesized to be 
suggestive that the degree of greater adsorption occurs in clay soils due to the smaller 
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micropore sizes in clays.  The most significant observation of this study was that oocysts 
applied to the top of soils a majority (72.8%) was still within the top 2 cm of soil after 21 
days.  This observation suggests that oocysts deposited on surfaces will easily be flushed 
into lakes and streams.  It also suggests that oocysts deposited on stream bottoms will not 
significantly migrate down through the sediment. 
 
An additional study of the movement of Cryptosporidium oocysts across soils as well as 
through soils was conducted by the same researcher (Mawdsley, 1996b) using a soil 
tilting table apparatus.    The results of this study concluded that oocysts deposited on soil 
surfaces are mobilized in runoff and do not precipitate out onto the soil surface.   
Additional filtration related studies observed that a hairy layer of surface proteins 
extending into the solution that produces a static repulsion between the oocysts and sand 
surface in addition to electrostatic repulsion (Considine et al., 2002).  The presence of 
dissolved calcium and dissolved organic carbon in the study appeared to improve 
adsorption to the sand surface.  Additional studies using polystyrene beads and glass 
beads also observed that increasing ionic strength improved filtration removal 
efficiencies (Hsu et al., 2001). 
 
In a study from 1994 to 1996, researchers in Florida detected oocysts at levels ranging 
from 50 to 170 oocysts/ml in sediments of streams in agricultural land areas using the 
ASTM method for protozoa (Solo-Gabriele, 2001).  Comparison of the oocyst levels in 
sediment with oocyst levels detected in the water column at these locations showed that 
oocysts were up to 100,000 times more concentrated in the sediments than in the water 
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column.  Further estimates by the researchers suggested that flushing a 1 – 10mm depth 
of sediment in the channel would increase oocysts concentrations 10-100 times in the 
water column. 
 
The weight of evidence from the previously presented studies show the obvious 
interaction between oocysts and particulates suggesting that oocysts could bind to 
streambed sediments under certain conditions, but the strength of the bond and its nature 
(adhesion or adsorption) is not known.
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2. STUDY DESCRIPTION 
 
2.1 Objectives 
 
The primary objective of this study was to further the current understanding of sources, 
fate, and transport of Cryptosporidium as it relates to streambed sediments with a focus 
on answering the following questions: 
 
• What is the role that sediments have in concentrating and resuspending 
Cryptosporidium oocysts in the environment? 
 
• How much greater are Cryptosporidium concentrations in streambed sediments 
than in the overlying water column during stable flow periods? 
 
• How much Cryptosporidium could be resuspended into the water column from 
the streambed sediments? 
 
In this study, it is hypothesized that streambed sediments serve as a buffer and reservoir 
of Cryptosporidium oocysts.  These capabilities will be demonstrated if the following is 
observed in the study: 
 
1. Cryptosporidium are detected at greater mean concentrations in the sediment than 
in the overlying water column (given analytical performance is adequate) during 
stable flow periods (<180 cfs average daily flow). 
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2. Estimated Cryptosporidium loadings from streambed sediment due to 
resuspension are considerably greater than that from the overlying water column 
to the sediment. 
3. Cryptosporidium is detected more frequently in the sediments than the water 
column. 
 
In addition, the following observations will also tend to support that there are 
relationships between sediment and Cryptosporidium: 
 
4. Cryptosporidium oocysts in sediment are distributed with lesser spatial variability 
than that observed in the overlying water column. 
5. There are statistical associations between Cryptosporidium concentrations or 
presence in sediments and physical/chemical characteristics of the sediments. 
 
2.2 Study Overview 
 
The study involved two distinct, but linked phases to measure Cryptosporidium in 
streambed sediments.  The first phase of the study included efforts to develop and 
measure the performance of a sampling and analytical method to detect Cryptosporidium 
in streambed sediments.  The methods and protocols of this phase are covered in detail in 
Chapter 3.  The second phase of the study included application of the newly developed 
methods to measure the occurrence and concentrations of Cryptosporidium in a 
controlled segment of a stream.  Chapters 4 and 5 provide the detailed findings, data 
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analysis methods, and implications for watershed management control strategies.  
Chapters 5 and 6 discuss the conclusions and recommendations of the findings of the 
entire study and the significance of this work as it relates to furthering the knowledge of 
the field of environmental engineering.
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3. DEVELOPMENT OF A METHOD TO DETECT CRYPTOSPORIDIUM IN 
STREAMBED SEDIMENTS 
 
3.1 Study Overview and Design 
 
Isolating Cryptosporidium oocysts from sediment poses significant challenges due to the 
fact that the oocysts are essentially bound or trapped in a solid matrix.  The development 
of the method for this study was based on examining the techniques described in Chapter 
1, USGS methods/guidance manuals, and USEPA methods/guidance manuals that have 
been used in other studies and combining or modifying them into steps that can be easily 
combined with existing standard methods employed in most laboratories.  The following 
criteria were used for the selection and development of the analytical method protocols: 
• A standard laboratory or field technician can be trained to process the samples 
with little effort. 
• Sample pre-processing or processing time cannot be significantly increased (< 2-4 
hours) beyond that already accounted for by USEPA Method 1623. 
• Existing standard analytical techniques and equipment used for detecting 
Cryptosporidium must be utilized to reduce “learning curve” time. 
• The method must meet the analytical performance criteria for USEPA Method 
1623. 
• The method must be able to achieve a reasonable or realistic detection limit of 
less than 100 oocysts/gram of sediment (100 oocysts/gram of sediment would be 
enough to suggest the sediment is a particularly significant source). 
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Given the previous criteria efforts focused on examining pre-processing techniques in 
existing Cryptosporidium and microbiological studies to isolate pathogens from 
sediments into a water matrix to utilize Method 1623.  After examination of the literature 
and existing guidance manuals and standard methods (USEPA 2001a, USGS 1994, 
ASTM 2000a-c) it was determined that utilization of an elution technique for pre-
processing would meet the laboratory time and training criteria and that experiments 
would need to be performed to determine the amounts of sediment, elution 
buffers/solutions, detection limits, and mixing procedures to optimize analytical 
performance.  The results of these studies are provided in a later section of this document.  
A flow diagram of the analytical performance optimization study design is provided in 
Figure 1. 
 
Three sets of experiments with 6 samples each (18 samples total) was determined to be 
adequate for final method selection if none of the previous methods met the analytical 
performance criteria for Method 1623 (USEPA, 2001b) due to financial and analytical 
resource limitations. Table 3-1 outlines the steps in the analytical performance study.  As 
shown, five experiments were performed, but only 3 experimental sets used full 
analytical resources.  Experiments 1, 4, and 5 served as the primary experiments for 
providing estimates of analytical performance, with experiments 4 and 5 representing the 
finalized analytical method.  Experiment 2 did not require complete analyses to 
determine a proper sediment sample size.  Experiment 3 only utilized limited samples to 
examine impacts of discarding overlying sediment waters from sample collection.   
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Table  3-1.  Overview of Performance Study Experiments 
Experiment Adjusted Factor Results 
1 – 5/30/02 Original proposed method Filters clogged after < 500 
mLs 
2 -  5/31/02 Sediment sample size No clogging below 20 grams 
(no recovery data collected) 
3 – 7/23/02 Supernatant Water Removal 
Impacts 
Cryptosporidium not detected 
in supernatant waters 
4 – 8/7/02 Creek water rinse, PBS-Tween 80 
Wash 
Method appears to meet 
performance criteria.  
5 – 10/23/02 Final standardized method No significant additional 
recovery of Cryptosporidium 
by additional washes  
 
 
Table  3-2.  Summary of Samples Analyzed For Cryptosporidium in Performance 
Experiments 
Experiment Sediment matrix 
Matrix 
Spike 
Samples
Negative  
or 
Positive 
Control 
Background 
Sediment 
Water 
Column 
Sediment 
Core 
Supernatant 
Water 
Total 
# 
1 – 5/30/02 5/22/02 8 1 2 1 0 12 
2 -  5/31/02 5/22/02 0 0 0 0 0 0 
3 – 7/23/02 7/22/02 0 0 1 1 2 4 
4 – 8/7/02 6/18/02 8 1 2 1 0 12 
5 – 10/23/02 10/9/02 4 1 6 1 0 12 
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Figure  3-1.  Analytical Performance Study Design Decision Matrix 
 
 
Analyze matrix spikes using 
various sample sizes 10-500g 
of sediment 
Select sample size and 
spike dose that has 
consistent detection and 
meets 1623 performance 
Lack of consistent 
detection and cannot 
meet 1623 
performance criteria 
Does any variation 
meet the analytical 
performance criteria 
?
Repeat spike study 
modifying pre-
processing or IMS 
methods 
Spike study repeated, method 
modified, and still does not 
meet performance criteria 
Spike dose and method with 
most consistent detection, 
best recovery and precision is 
selected for field study 
NO YES Continue to Phase II 
Field Study 
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3.2 Description and Selection of Study Area 
 
The Wissahickon Creek is a mixed-use watershed in Philadelphia, PA that contains many 
sources of Cryptosporidium such as wildlife, farms, sewage discharge, and urban runoff.  
It is also relatively small (64 mi2) and more manageable for study.  The watershed 
contains a number of dams from either historical mills or structural flood control devices 
which accumulate sediment.  The swift flow increases of the creek (10 fold increase in < 
24 hours) also makes it ideal for study because the sediment that does accumulate behind 
these dams is most likely flushed out regularly during rainstorms.  The confluence of the 
creek with the river is located just upstream of the Queen Lane WTP intake for the City 
of Philadelphia serving over 325,000 persons.  Based on previous studies of protozoa and 
bacteria in the water column, it appears the Wissahickon Creek has the greatest pathogen 
contamination and significant influence on water quality at the Queen Lane WTP intake 
(Crockett et al., 1995, Interlandi, 2003, Crockett, 2000).  The creek is also easily waded 
even behind the dammed sections which makes sample collection possible. 
 
The Wissahickon Creek is also the source of significant amounts of sediment in addition 
to pathogens.  It currently has 93% of its stream miles listed as impaired by municipal 
point sources (sewage treatment plant discharges) and siltation by the USEPA 303d list in 
2000 (USEPA, 1999).  The USEPA is currently finalizing a Total Maximum Daily Load 
for this watershed that will cover nutrients during low flow conditions and sediment 
during wet weather runoff conditions.  Current estimates in the TMDL suggest 
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considerable amounts of sediment are entering the creek from overland flow and from 
significant watershed-wide streambank erosion (USEPA, 2003). 
 
The site selected on the Wissahickon Creek is located approximately 0.25 miles upstream 
from its confluence with the Schuylkill River.  It is the second dam upstream from the 
mouth of the creek.  The study site was selected because of its accessibility, availability 
of sediment, and accumulation of sediment from upstream drainage areas.  Figures 3-2 
through 3-4 provide maps and aerial photographs of the location of the site and 
surrounding watershed area features. 
 
The Wissahickon Creek site was selected over other regional waters for this study based 
on the following criteria: 
 
• Ease of routine sample collection 
• Ability to obtain representative samples for the stream section 
• The presence of sediment of depths to support sample collection 
• The presence of features that support sediment accumulation 
• The presence of upstream sources of oocysts (animals and humans) 
• The presence of significant Cryptosporidium concentrations in the water column 
• Previous intensive water quality and contaminant characterizations were 
conducted (Crockett, 1995, Crockett, 1999). 
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Figure  3-2.  Study Area of The Wissahickon Creek and Relevant Features 
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Figure  3-3.  Location of Study Area and Immediate Features 
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Figure  3-4.  Zoom In of Wissahickon Creek Study Area 
 
Study Area 
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3.3 Field Study Overview 
 
Field sample collection occurred over a one-year period to capture seasonal differences.  
Seasonal differences were considered significant for the study because more cases of 
cryptosporidiosis occur in the summer in Philadelphia (Johnson, 2000), while 
Cryptosporidium presence and concentration is greater in the water during the winter and 
spring months (Crockett, 2000).  A grid was developed of the sampling area with squares 
of a size that are less than 5% of the surface area of the entire site.  The grid encompasses 
and area approximately 164 feet long upstream of the second dam from the mouth of the 
Wissahickon Creek and 200 yards northwest of the police station on Lincoln Drive.  A 
minimum of three composited sediment samples were collected and analyzed from the 
sampling grid on 10 different occasions during stable flow periods (< 180 cfs) from the 
Wissahickon Creek site between May 2002 and July 2003.  Water column samples were 
collected for Cryptosporidium on the day of sediment collection.  Samples were collected 
and returned to the laboratory for processing and analysis. 
 
 
3.4 Design and Selection of Field Collection Methods of Sediments 
 
 
Field samples for Cryptosporidium were collected based a modified version of ASTM 
D4823-95 and ASTM D4823-92 (ASTM 2000b).  These modifications followed the 
suggested guidelines by USGS and USEPA for sediment sample collection (USGS 1994, 
USEPA 2001a).  A summary of the method including its modifications is necessary for 
  
37
future researchers to determine the critical differences in the methods and is provided in 
detail later in the chapter.  A brief summary of the method is as follows: 
1. A sampling grid is determined and outlined at the desired study area according to 
method ASTM D6145 (ASTM 2000d), grid locations for each sampling run are 
selected using a Latin Square technique.  This represents a simple random method 
recommended for compositing of samples at a single station (USEPA 2001a). 
2. Sediment cores are collected from representative portions of the grid from the top 
6 cm of streambed sediment using a modified sediment corer tube device 
consisting of a Teflon coring sleeve with modifications for draining most of the 
overlying waters away from the sediment column and to identify when the core 
has been inserted to 6 cm of sediment depth.  The coring device is operated by a 
person that is wading in the stream following the techniques outlined in ASTM 
D4823-95 and ASTM D4823-92 (ASTM 2000b).  
3. Sediment cores are placed in a Teflon storage container after each coring with any 
remaining pore or overlying waters. Storage materials and procedures 
recommended by USEPA (USEPA 2001a) were utilized. 
4. The containers are kept on ice for transport to the laboratory. 
5. Upon arrival at the laboratory containers are stored at 4 degrees Celsius for 24 
hours to allow supernatant water and sediments to settle. 
6. Supernatant water is siphoned and discarded and remaining sediments are 
homogenized prior to sample aliquots being removed and additional pre-
processing methods are employed.  Homogenization involves using materials and 
procedures recommended by USEPA (USEPA 2001a). 
  
38
 
Sediment samples were collected from the top 6 centimeters of the column for the 
following reasons: 
 
• The top 2-6 cm layer of sediment has been found to harbor the greatest 
concentrations of pathogenic microorganisms in previous studies (Labelle, et al. 
1980). 
• This area is usually the most easily resuspended during storm events or agitation 
by recreation and therefore represents the most likely source of sediment that 
would transport Cryptosporidium throughout the watershed. 
• This area represents the most recent sediment accumulated and therefore has the 
youngest and most viable pathogens in it. 
 
 
3.4.1 Grid Design and Cell Selection for Sediment Core Sampling 
 
 
A sampling grid was developed of the sampling area with squares of a size that are less 
than 5% of the surface area of the entire site.  This is the standard practice recommended 
in sediment sampling studies according to ASTM D6145 (ASTM 2000d).  The 
dimensions of the grid and grid cells are provided below in Table 3-3.  As shown, the 
individual grid cells were less than 5% of the surface area, approximately 27 feet long by 
19 feet wide.  The squares of the grid were initially created in the field using standard 
benchmarks and tape measure.  Stakes or painted markers were placed at locations along 
the streambank on either side of the streambank delineating the beginning of the bottom 
end of a new row of cells.  A fluorescent surveying string with large tabs labeled for the 
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end and beginning of every grid column was created and attached to anchor points along 
the stream.  This system reduced time to establish the grid, was durable, easily 
deployable, and was very user friendly in the field allowing the samplers to determine 
approximately which grid cell they were located within and if they were close to the 
borders of the cell. 
 
 
Table  3-3.  Dimensions of Sample Station Grid and Individual Cells 
location 
length 
(ft) 
width 
(ft) 
area 
(sq.ft) 
single cell size (sq. 
ft) 
entire area 164 115 18860 523.9 (estimated) 
single cell 27 19 513 513 (actual) 
 
 
The squares in the grid were developed and labeled using a 6 X 6 latin square approach 
as shown in Figure 3-5 in order to guarantee random selection of squares for sample 
collection  (Snedecor & Cochran, 1989). The squares were labeled A through F and set 
up in a latin square format where a letter only appears once in any given row or column.  
Each sampling run corresponds with a letter representing a location on the grid from 
which the sediment samples are collected.  This process was repeated for each sampling 
run. 
 
Figure 3-6 provides a plan view of the sampling grid in relation to the actual streambed.  
Based on sampling, the channel can be described as a main channel that is closer to the 
right or right bank (looking upstream) and heavy deposition including that from trees 
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along the shoreline at the left bank (Figure 3-5).  Figure 3-7 shows from which grid cells 
samples were collected during various experiments/sampling runs throughout the study.  
Figure 3-8 depicts the variability in appearance and material from one part of the 
sampling grid to the other. 
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Step 1 – Arrange sampling 6 X 6 grid and label squares as shown below such that in any 
given row or column a letter only appears once. 
 
Row/Column 1 2 3 4 5 6 
1 A B C D E F 
2 B C D E F A 
3 C D E F A B 
4 D E F A B C 
5 E F A B C D 
6 F A B C D E 
 
Step 2 – For each corresponding sampling run (1 = A, 2 =B), the samples are collected 
from the corresponding letters on the grid.  Below, for sampling run #1, samples are 
collected from the “A” locations on the grid (shown in bold borders).  For run # 2, 
samples are collected from “B” and so on. 
 
Row/Column 1 2 3 4 5 6 
1 A B C D E F 
2 B C D E F A 
3 C D E F A B 
4 D E F A B C 
5 E F A B C D 
6 F A B C D E 
 
Step 3 – Repeat the process for each sampling run.  If there are more sampling runs than 
letters or grid size, then the process repeats at 1/A, or a new grid can be made and the 
process restarted.  For this study, the sequence is repeated twice. 
Figure  3-5.  Example Of Selection Of Sampling Squares From The Grid Using Latin 
Squares 
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  UPSTREAM END OF GRID (Flow enters)  
  A B C D E F 
A 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
B 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
C 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
D 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
E 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
F 
organic/ 
trees 
organic/ 
trees 
normal 
bed 
normal 
bed 
deep / 
main 
channel 
deep / 
main 
channel 
Figure  3-6.  Characterization of Streambed in Study Area Grid 
 
 
  UPSTREAM END OF GRID (Flow enters)  
  A B C D E F 
A 1 & 7 2 & 8 3 & 9 4 & 10 5 6 
B 2 & 8 3 & 9 4 & 10 5 6 1 & 7 
C 3 & 9 4 & 10 5 6 1 & 7 2 & 8 
D 4 & 10 5 6 1 & 7 2 & 8 3 & 9 
E 5 6 1 & 7 2 & 8 3 & 9 4 & 10 
F 6 1 & 7 2 & 8 3 & 9 4 & 10 5 
Figure  3-7.  Sampling Grid and Sample Run Locations 
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Figure  3-8.  Visual Variability Of Streambed Sediment In Various Individual Grid 
Cells (photos by author) 
 
 
 
3.5 Water Column Sample Collection and Analysis Methods 
 
 
Water column samples were collected at the downstream end of the sampling grid prior 
to any disturbance of the upstream grid area for sediment cores.  Samples were collected 
using a clean 4 Liter polypropelene sample collection bottle that was rinsed three times 
with ambient water prior to final sample collection.  The bottle was submerged 
approximately 1 foot below the surface of the water in order to avoid floating surface 
debris.  The 4 L sample bottle was then taken to shore and individual sample bottles for 
the different analyses were filled, labeled, prepared, and stored back in the coolers.  The 
time of sample collection and location were noted and additional information was 
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provided on Chain of Custody sheets.  Water samples for organics analyses were 
collected using a 250 mL amber bottle.  The same sampling techniques as noted above 
were used to collect and distribute the sample to the appropriate containers/vials.   
 
Field probes were used to provide in-situ measurements of the general properties of the 
stream at various depths at the time of sampling.  YSI probes for conductivity, pH, 
dissolved oxygen, and temperature were deployed.  The probes were calibrated in the 
laboratory according to manufacturer specifications and calibrations for pH and 
conductivity were checked in the field against calibration standards prior to placement in 
the water column and after removal from the water column.  Field calibration standards 
for conductivity were 400, 600, and 800 (µmho/cm2) were used.  Field calibration 
standards for pH included 6.5, 7.0, 7.4, and 8.0 units.  Due to shallow water depths (< 4 
feet) it was determined that dissolved oxygen, conductivity, pH, and temperature did not 
vary significantly (> 10%) from the water surface to the bottom under sample collection 
conditions.   
 
Water column samples were analyzed using the methods shown in Table 3-4.  Salts and 
TOC were selected due to their ability to inhibit or enhance the sorption of sediment to 
microorganisms.  Water column samples also included field measures of dissolved 
oxygen, temperature, conductivity, and pH at the various depths near the sediment and 
surfaces.  This was measured to determine if additional water column samples may need 
to be collected from various depths for accurate depiction of the two areas.  This 
determination was based on the dissolved oxygen readings in the field.  If the readings at 
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the two locations for pH and dissolved oxygen differed by more than 25% then the two 
distinct water column samples will be collected.  Otherwise, only the general surface 
sample was collected.  Different dissolved oxygen, pH, and conductivity values would 
indicate different water chemistry in the two locations due to biological activity in the 
sediments.  Ammonia, nitrate, iron, and phosphate will also determine the relative 
amount of biological activity in the sediment.  During the study, the readings at the 
sediment interface were similar to those in the middle of the water column so additional 
samples were not needed.   
 
In order to collect the samples, the following materials were used: 
• Nalgene sample bottle 10L polypropylene – Cryptosporidium and Giardia 
• Nalgene 4 L sample bottle for general water chemistry 
• Field Probes – YSI 6600 
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Table  3-4.  Water Column Analytical Method Summary 
Parameter Method Units 
Cryptosporidium USEPA 
1623 
oocysts/L 
Giardia USEPA 
1623 
cysts/L 
Fecal coliform ASTM cfu/100mL 
E. coli ASTM cfu/100mL 
Alkalinity EPA 
310.1 
Mg/L as 
CaCO3 
Turbidity SM 
2130B 
NTU 
pH Field 
probe 
units 
Conductivity Field 
probe 
µmho/cm 
Sodium EPA  
200.7 
mg/L 
Chloride EPA 
300.0 
mg/L 
 
Total Organic Carbon 
(TOC) 
EPA mg/L 
Temperature Field 
probe 
Degrees 
Celsius 
Iron EPA  
200.7 
mg/L 
Manganese EPA  
200.7 
mg/L 
Ammonia EPA  
350.3 
mg/L as N 
Nitrate EPA  
300.0 
mg/L as N 
TKN EPA 
351.4 
mg/L 
Silica EPA  
200.7 
mg/L 
Orthophosphate - 
Dissolved 
EPA  
300.0 
mg/L as P 
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3.6 Sediment Sample Analysis Methods 
 
 
The parameters and methods used for chemical and microbiological analysis of the 
streambed sediments are summarized in Table 3-5.  As shown, analysis included physical 
characterization, metals, nutrients, and pathogens.  The particle distribution or 
classification of sediment materials was important to determine if the content of fine or 
clay materials would impact Cryptosporidium presence/levels.  Also, it was determined 
that characterization of metals, nutrients, and inorganic ions could also provide an 
indication of changes in the sediment characteristics and potential charge conditions from 
one sampling run to another for comparisons with Cryptosporidium levels or presence. 
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Table  3-5.  Sediment Sample Analytical Information 
Paramete
r Group 
Parameter Prep. /  
Pre-
processing 
Sample 
Preser-
vation 
Sample 
Digestion 
Analytical 
Method 
Labor-
atory 
Physical Temperature field field field YSI 85 Field probe 
Physical pH field field field YSI 85 Field probe 
Physical Conductivity field field field YSI 85 Field probe 
Nutrients Ammonia TMECC 
04.02-C 
TMECC 
04.02-C 
TMECC 
04.02-C 
EPA 350.3 Inorganics 
Nutrients Total 
Phosphorus 
EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Physical Sulfate TMECC 
04.12-D 
TMECC 
04.12-D 
TMECC 
04.12-D 
EPA 300.0 Inorganics 
Nutrients Total Nitrogen TMECC 
04.02-D 
TMECC 
04.02-D 
TMECC 
04.02-D 
TMECC 
04.02-D 
Inorganics 
Metals Manganese EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Metals Iron EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Metals Aluminum EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Salts Chloride TMECC 
04.05-Cl 
TMECC 
04.05-Cl 
TMECC 
04.05-Cl 
EPA 300.0 Inorganics 
Salts Sodium EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Physical % VSS SM 2540 G SM 2540 A SM 2540 G SM 2540 G Inorganics 
Physical Silica EPA 3050B EPA 3050B EPA 3050B EPA 6010B Inorganics 
Pathogens Fecal coliforms ASTM D 
5916 
NA NA ASTM D 
5916 
Aquatics 
Pathogens E. Coli ASTM D 
5916 
NA NA ASTM D 
5916 
Aquatics 
Pathogens Cryptosporidium Crockett NA NA USEPA 
Method 
1623 
Clancy 
NA – Not Applicable 
 
 
 
3.7 Sediment Core Collection 
 
 
Once the sampling grid was established and sample cells determined, water column 
samples collected, field observations recorded, and field probe measurements taken, the 
sediment samples are collected from the streambed.  The sediment sampling method was 
based on ASTM D4823-95 and ASTM D4823-92 with several modifications to account 
for site specific and unique issues that prevented ASTM D4823-95 and ASTM D4823-92 
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from being fully utilized.  Any modifications followed the guidelines and 
recommendations provided by the USGS and USEPA (USGS, 1994 & USEPA 2001a).  
These modifications include the following: 
• Samples were collected directly using the coring tube in lieu of the entire metal 
coring device.  This allowed for visual verification that samples from the top 2-6 
cm were being collected.  In addition, samples could not be properly collected 
using the entire corer and the entire ASTM D4823-95 technique due to the high 
gravel and sand content that either were not easily collected using the coring 
device or most of the sample would drain out of the core device regardless of 
vacuum conditions given the sample’s large void spaces. 
• The coring sleeve had a drain hole and plug approximately 10 cm from the bottom 
of the core sleeve to drain overlying waters.  This allowed the sampler to drain the 
overlying waters from the sediment core without disturbing the sediment core and 
reduce the amount of available water to contaminate the sediment core later in the 
sample pre-processing steps. 
• A rubber stopper was inserted in the top of the coring sleeve after the sleeve was 
inserted into the sediment to create a vacuum for core removal. 
• A rubber stopper was inserted in the bottom of the core sleeve as the core sleeve 
was removed from the sediment in order to prevent the sample from sliding out or 
water draining through the core. 
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3.7.1 Sample Collection Materials 
 
Sample collection using the modified method required the following materials: 
• 1 transparent Teflon sediment coring sleeve/tube with a ¼” diameter drain hole 
drilled in it 10 cm from the core sleeve bottom.  
• 2 rubber stoppers to insert in the top and bottom of the core sleeve 
• 1 rubber stopper (¼” diameter) for the drain hole 
• Latex sampling gloves 
• 2 Teflon buckets approximately 4 L volume  
 
3.7.2 Field Sample Sediment Collection Procedures 
 
The following is a detailed step by step description of all field sample sediment collection 
procedures: 
 
1. The samplers would enter the downstream and left corner of the 
designated sample cell that was farthest downstream to collect the first 
sediment sample.  Subsequent samples were collected by then moving 
along the grid column of the cell recently collected until they could enter 
the downstream and left corner of the next grid cell for sediment 
collection.  This technique guaranteed that future sampling cells would not 
be prematurely disturbed and samples were collected within the proper 
cells. 
2. The primary sampler would approach the center of the grid cell and insert 
the drain plug in the drain hole of the sediment coring sleeve. 
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3. The coring sleeve is inserted 2 to 6 cm.  This is visually confirmed by 
observing if the core sleeve is in the sediment deeper than the 6 cm mark 
drawn on the side of the sleeve. 
 
 
 
Figure  3-9.  Sediment Sample Collection Step 3 (photos by author) 
 
 
 
4. The large diameter rubber stopper is then inserted into the top of the 
coring sleeve.  This creates a vacuum that will aid in keeping the sediment 
in the coring sleeve when it is removed from the sediment. 
5. The secondary sampler reaches down along the sleeve to within 1-2 cm of 
the sediment surface and prepares to place another large diameter rubber 
stopper in the bottom of the corer sleeve when it is lifted by the primary 
sampler. 
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6. The primary sampler lifts the coring sleeve slowly until the secondary 
sampler signals that the sleeve is above the streambed. 
7. The secondary sampler inserts the large diameter rubber stopper in the 
bottom of the corer sleeve. 
8. The coring sleeve is slowly removed from the water column while it 
remains vertical. 
 
 
 
 
Figure  3-10.  Sediment Sample Collection Steps 6, 7, & 8 (photos by author) 
 
 
 
9. The primary sampler removes the drain plug from the drain hole while the 
secondary sampler holds the large diameter rubber stopper in the bottom 
of the coring sleeve. 
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Figure  3-11.  Sediment Sample Collection Steps 9 & 10 (photos by author) 
 
 
 
10. The overlying water over the sediment is allowed to drain out of the 
coring sleeve until it reaches the level of the drain hole. 
11. The primary and secondary samplers place the coring sleeve into the 
sample bucket. 
12. The secondary sampler removes the rubber stopper from the bottom of the 
coring sleeve. 
13. The primary sampler removes the rubber stopper from the top of the 
coring sleeve 
14. The sediment slides out of the coring sleeve and into the sediment bucket 
along with a limited amount of overlying water. 
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Figure  3-12.  Sediment Sample Collection Steps 11 through 14 (photos by author) 
 
 
 
15. If the bucket contains adequate overlying water, the coring sleeve is rinsed 
with this water by slowly moving it back and forth in the water. 
16. The coring sleeve and any remaining materials are then subsequently 
rinsed by moving it back and forth in the overlying water column for 30 
seconds prior to insertion into the sediment at any location. 
17. This process is repeated approximately five times at each grid cell in order 
to obtain enough sediment materials for all analytical requirements after 
the sieving process. 
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18. The same sample bucket is used for the entire process until it is halfway 
full with water and sediment.  The bucket once halfway full is removed 
from the sample area, capped with a lid, and stored in a cooler for shipping 
to the laboratory.  Another bucket is then used for any remaining sediment 
samples. 
 
3.8 Sediment Pre-processing & Sample Manipulation 
 
After the sediment was collected from the wadeable areas using the techniques mentioned 
in previous sections, the sediment was pre-processed to remove large debris and 
interfering materials except for sieve analysis and particle size distribution samples which 
were processed immediately after homogenization.  Sediment manipulation was 
performed specifically for compositing of sediment from the six randomly selected cells 
within the sampling station.  This process included the removal of overlying waters in the 
storage containers, sediment homogenization, and sediment sieving. 
 
3.8.1 Sediment Pre-Processing Materials 
 
 
The materials needed for this activity included the following: 
 
2 Teflon #10 (2mm) Sieves  
2 3’ pieces of polypropelene tubing  
2 (2’x 2’) Teflon trays  
6 2 L Teflon Containers 
1 Phipp-Bird Jar Test Mixer  
4 10 L polypropelene carboys  
1 Vacuum system 
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3.8.2 Removal of Overlying Waters 
 
Overlying waters were siphoned using a vacuum system since established methods 
recommend avoiding decanting overlying core waters from sediment samples (USEPA 
2001a).  A piece of polypropylene hose was connected to the influent end of a 10L 
container with a vacuum cap.  The effluent end was connected to the laboratory vacuum 
system.  The vacuum was then turned on and the sample tube inserted just below the 
overlying water surface to collect the overlying waters.  The vacuuming process was 
stopped when the overlying water appeared to increase in turbidity or the sample tube 
was close to disturbing the sediment sample.  This also allowed enough water to remain 
in the sediment to prevent changing its composition and aided in the wet sampling 
process.   
 
3.8.3 Sediment Homogenization Procedures 
 
Very little detailed information is available in the literature about the homogenization of 
sediment sampling of microorganisms.  In most cases for other sediment studies, samples 
appear to have been homogenized using a blender or mechanical device at a high rate of 
speed.  This approach was not selected because previous studies have shown that oocysts 
are destroyed by sand in shearing processing similar to standard homogenization 
blending techniques.  Therefore, samples were homogenized based on guidelines for 
sediment homogenization recommended by USEPA (USEPA 2001a), which include the 
following: 
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• Use a sufficiently large, precleaned glass or stainless steel mixing bowl to 
homogenize the sample. 
• Use clean glass polyethylene, or stainless steel implements (e.g., spoon) to mix 
sediment. 
• Mixing should be performed as quickly and efficiently as possible while 
attempting to reduce oxidation of the sample. 
• Intensive manual mixing of wet sediment, in a suitably large container, is usually 
sufficient to homogenize the sample. 
• Regardless of the mixing method selected, the effectiveness of the method should 
be demonstrated using a homogenate replicate. 
 
Based on these recommendations, homogenization for this study involved using a Teflon 
scooper and rotating it in the sample bucket clockwise fifty times.  After each clockwise 
rotation, the sediment in the center was scooped out and deployed along the bucket 
perimeter for mixing.  Initially the method was determined based on visual evidence of 
similar color, particle distribution, and materials in aliquots that were removed, but 
chemical sampling results shown in later sections observed that sample variation was less 
than 10% in most cases validating this technique. 
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Figure  3-13.  Homogenization and Sieving of Sediments for Pre-Processing (photos by 
author) 
 
 
 
3.8.4 Sediment Sieving Procedures 
 
The samples collected for chemical analysis were handled and prepared according to 
ASTM D3976 (ASTM 2000c) which includes passing materials through a #10 stainless 
steel sieve (approximately 2mm openings) except that a Teflon #10 sieve was used due to 
potential loss of microorganisms on a stainless steel surface.    Sieving was conducted via 
press sieving procedures outlined in USEPA’s guidance manual (USEPA 2001a) since 
wet sieving should be avoided for sediments and dry sieving would destroy any 
microorganisms in the sample matrix.  The materials that were trapped on the #10 sieve 
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were discarded.  All of the sediment was sieved and material passing the sieve had 
aliquots removed for chemical and microbiological analysis.  In all experimental runs, 3 
to 5 aliquots per analyte group (nutrients, metals, bacteria, Cryptosporidium, physical 
parameters) were removed from the passing material for each sampling run.  Samples for 
Cryptosporidium were aliquots of approximately 100g of wet sediment with other 
chemical analyses requiring 25 to 250 grams of wet sediment per analysis.  
 
3.9   Analytical Performance Study Laboratory Experiment Procedures 
 
There are several versions of the analytical method used in the analytical performance 
study measurements.  The following section describes the final standard methods for the 
preparation and analysis of matrix spikes and background sediment samples.  
 
3.9.1 Materials Used For Analytical Performance Study Experiments 
 
 
The materials needed for these activities include the following: 
6 2 L Teflon Containers 
1 Phipp-Bird Jar Test Mixer  
4 10 L polypropelene carboys  
1 Vacuum system 
6 142mm Membrane filtration devices  
1 pack 50 142 mm 3.0 micron membrane filters 
1 pack 50 142 mm membrane filter supports 
2 X 10L carboy of Buffered MgCl2 DI water 
2 X 10L carboy of 0.01 M PBS / 0.01% Tween 80 solution 
100 g of sieved sediment 
4 X 1,000 Cryptosporidium oocyst spikes  
4 X 1 L Buffered MgCl2 rinse bottles 
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Figure  3-14.  Materials and Equipment Setup: 2L Teflon Bottles are shown in front of 
the Phipps-Bird Jar Test Mixing Paddles.  The 142 mm membrane filter devices are 
shown above the Phipps-Bird Jar Test Device. (photos by author) 
 
 
 
3.9.2 Method of Spiking Sediment Matrices With Cryptosporidium Ooocysts 
 
The matrix spike method was based upon the sediment suspension spiking methods 
outlined in Chapter 6 of the USEPA Sediment Guidance Manual (USEPA 2001a).  
Sediment suspension spiking is the most common method used and employs adding 
sediment to 1 liter of deionized water and mixing the sediment and water after adding a 
contaminant of know quantity and then removing the overlying water after the mixing is 
stopped and the materials have settled.  This procedure assumes that the spike material is 
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attached to the sediment and not remaining in the overlying water.  The following are the 
detailed steps of the spiking method that was employed for the study: 
 
1. Add approximately 10 grams of dry sieved sediment (< 2 mm) to a 0.01% PBS-
Tween 80 rinsed container. 
2. Add 1 Liter of buffered MgCl2 DI water to the container 
3. Add the oocyst spike of 1,000 oocysts to matrix spike containers. 
4. Add another 1 Liter of buffered MgCl2 DI water to the sample for a total of 2 
liters of DI water. 
5. Place container under the Phipps-Bird Jar Test Mixing Apparatus and lower the 
paddle mixer into the middle of the container. 
6. Once all the sample containers are spiked, filled, and placed in the mixer 
apparatus, turn on the mixers and set to the “high” switch setting and adjust the 
mixer speed dial until the readout is between 300 and 350 rpm. 
7. Let the spiked oocysts, sediment, and DI water mix for approximately 1 hour. 
8. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour to allow oocysts to bind or be trapped in settling 
sediment particles. 
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Figure  3-15.  Mixing and Settling of Spike Sediment Suspension (photos by author) 
 
 
 
9. Turn on the mixer and set to the “high” switch setting and adjust the mixer speed 
dial until the readout is between 300 and 350 rpm.  Let the samples mix for 30 
minutes. 
10. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour. 
11. Remove every container from under mixer and rinse mixer paddles with DI water 
into sample container to reduce loss due to oocysts sticking to the paddles. 
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12. Filter the supernatant from each container using separate membrane filter devices 
to within 0.5 cm of the sediment layer on the bottom of the container or when the 
supernatant becomes noticeably cloudy using the standard protocols for filtering 
water samples from USEPA Method 1623 (USEPA 2001b).  
 
Figure  3-16.  Remaining Material After Supernatant Filtering (photos by author) 
 
 
 
13. Add 2 Liters of the 0.01% PBS - Tween 80 Solution to the sample containers and 
place them back under the mixer and insert the paddles to the center of the 
containers. 
14. Turn on the mixer and set to the “high” switch setting and adjust the mixer speed 
dial until the readout is between 300 and 350 rpm.  Let the samples mix for 30 
minutes. 
15. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour. 
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16. Remove every container from under mixer and rinse mixer paddles with DI water 
into sample container to reduce loss due to oocysts sticking to the paddles. 
17. Filter the supernatant from each container using separate membrane filter devices 
to within 0.5 cm of the sediment layer on the bottom of the container or when the 
supernatant becomes noticeably cloudy using the standard protocols for filtering 
water samples from USEPA Method 1623 (USEPA 2001b). 
18. Store and process the membrane filter samples according to USEPA Method 1623 
(USEPA 2001b). 
 
 
3.9.3 Background Sample Elution of Cryptosporidium Oocysts From Sediment 
 
The method for extraction of Cryptosporidium oocysts from sediment is based upon an 
eluting process that essentially neutralizes charges, attempts to disperse colloids, and 
physically stirs the sediment to force the release of oocysts from the sediment matrix and 
then allows the matrix to settle assuming the oocysts remain suspended freely in the 
overlying water which is later collected for analysis.   These are standard techniques that 
are recommended by USEPA (USEPA 2001b).  The following are the detailed steps of 
the elution procedure employed in this study for extracting Cryptosporidium oocysts 
from background environmental samples:  
1. Add approximately 10 grams of dry sieved sediment (< 2 mm) to a 0.01% PBS-
Tween 80 rinsed container. 
2. Add 2 Liter of buffered MgCl2 DI water to the container 
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3. Place container under the Phipps-Bird Jar Test Mixing Apparatus and lower the 
paddle mixer into the middle of the container. 
4. Once all the sample containers are spiked, filled, and placed in the mixer 
apparatus, turn on the mixers and set to the “high” switch setting and adjust the 
mixer speed dial until the readout is between 300 and 350 rpm. 
5. Let the sediment, and DI water mix for approximately 1 hour. 
6. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour to allow oocysts to bind or be trapped in settling 
sediment particles. 
7. Turn on the mixer and set to the “high” switch setting and adjust the mixer speed 
dial until the readout is between 300 and 350 rpm.  Let the samples mix for 30 
minutes. 
8. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour. 
9. Remove every container from under mixer and rinse mixer paddles with DI water 
into sample container to reduce loss due to oocysts sticking to the paddles. 
10. Filter the supernatant from each container using separate membrane filter devices 
to within 0.5 cm of the sediment layer on the bottom of the container or when the 
supernatant becomes noticably cloudy using the standard protocols for filtering 
water samples from USEPA Method 1623 (USEPA 2001b).  
11. Add 2 Liters of the 0.01% PBS - Tween 80 Solution to the sample containers and 
place them back under the mixer and insert the paddles to the center of the 
containers. 
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12. Turn on the mixer and set to the “high” switch setting and adjust the mixer speed 
dial until the readout is between 300 and 350 rpm.  Let the samples mix for 30 
minutes. 
13. Turn off the mixer and allow the sediment and particulate materials in the 
container to settle for 1 hour. 
14. Remove every container from under mixer and rinse mixer paddles with DI water 
into sample container to reduce loss due to oocysts sticking to the paddles. 
15. Filter the supernatant from each container using separate membrane filter devices 
to within 0.5 cm of the sediment layer on the bottom of the container or when the 
supernatant becomes noticably cloudy using the standard protocols for filtering 
water samples from USEPA Method 1623 (USEPA 2001b). 
16. All membrane filter samples rinse and supernatant are placed in the same sample 
specimen container for final storage prior to processing using Method 1623 
(USEPA 2001b). 
17. Store and process the membrane filter samples according to USEPA Method 1623 
(USEPA 2001b). 
 
3.9.4 Analytical Method Solutions & Preparation 
 
The analytical methods are dependent upon employing a buffered dionized water 
solution, a Tween solution, and a phosphate buffered saline solution.  The purpose of the 
0.01M PBS  and 0.01% Tween solution is to achieve the disruption of electrostatic 
attractive forces with the ionic PBS solution and then disperse particles using the Tween 
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80 like detergents.  The following sections provide detailed procedures for preparing the 
solutions used in the analytical methods.  
 
3.9.4.1 Solution Preparation Procedures  For 0.01 M PBS / 0.01% Tween 80  
 
To make 10 Liters of solution a 1 L stock solution is made and diluted 1:10.  The 
following steps outline the process: 
1. The stock solution is prepared by making a 0.1 M Phosphate Buffer Solution by 
adding 3.87 g of NaH2PO4 H20 , 10.2 g of Na2HP04 (anhydrous) (Sigma 
Chemicals stock #S0751), and 85 g of NaCl in 1 liter of lab pure water. 
2. The solution is mixed using a stirring rod and plate until the crystalline materials 
do not appear visible to the eye and have therefore dissolved into the solution 
(approximately 25 minutes to 1 hour). 
3. The 1 Liter of stock PBS solution is added to an autoclaved 10 L carboy and filled 
with lab pure water to make a 10 L solution and mixed using a stirring rod and 
plate for approximately 60 minutes. 
4. During the final mixing 1 mL of Tween 80 (stock, concentration) is added to the 
0.01 M PBS solution and allowed to mix for 60 minutes to ensure it has dispersed 
into the solution. 
 
Solution expiration: The solution is only used for 7 days after which it is discarded and a 
new solution is created.  Prior to use of the solution the carboy is shaken for 
approximately 2 minutes. 
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3.9.4.2 Buffered MgCl2 Deionized Water Solution   
 
To make 10 liters of the buffered MgCl2 deionized water solution the following 
preparation steps are conducted: 
 
1. Partially fill an autoclaved 10 liter carboy with deionized water from a Milli-Q 
system. 
2. Add 50 mL of stock MgCl2 solution to the container.  
3. Add 12.5 mL of stock phosphate solution to the container. 
4. Fill the carboy approximately half way mix the solution using a stirring rod and 
plate for 10 minutes.  
5. After mixing, fill the carboy to make a 10 L volume and stir for 10 minutes. 
6. Test the pH of 100 mL sample.  Adjust the pH to between 7.0 to 7.4 with 1 N 
NaOH if necessary. 
 
Solution expiration: The solution is only used for 7 days after which it is discarded and a 
new solution is created.  Prior to use of the solution the carboy is shaken for 
approximately 2 minutes. 
 
3.9.4.3 Stock MgCl2 Solution 
 
 A stock solution of 81 g/L of MgCl2 is prepared by dissolving 40.55 grams of MgCl2 
6H20 into 500mL of Lab Pure Water (Deionized water treated by a Milli-Q system). 
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3.9.4.4 Stock Phosphate Buffer Solution 
 
To make the stock phosphate buffer solution, dissolve 17.0g of KH2-PO4 in 250mL Lab 
Pure Water.  Adjust the pH to 7.2 +/-0.2 units (if necessary) with 1 N NaOH and dilute to 
500 mL with Lab Pure Water.  Filter sterilize the solution. 
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4. ANALYTICAL PERFORMANCE STUDY RESULTS 
 
The validity of the results of future field studies was reliant upon a method that could 
achieve appropriate recovery efficiencies.  If the method did not meet the analytical 
criteria, then additional caution would be necessary to incorporate into any data analysis 
or interpretation of field results.  The analytical performance results are examined based 
on experiment and type of spike (matrix or control).  The first set of analytical 
performance results were observed from using the original proposed method hereafter 
termed “original method”, the second set of analytical results was observed using the 
modified method in laboratory tests hereafter termed “standard method”, and the 
remaining analytical results were observed during the field study phase.  
 
It is important to note the following limitations of the analytical experiments so the 
recoveries reported in this study are interpreted appropriately.  Given resource and 
analytical limitations, there is currently no standard way to “spike” a sample of streambed 
sediment with oocysts because the oocysts from a spike are probably very different in the  
environmental and conditions (water chemistry, etc.) are very different than that in the 
laboratory and not easily produced.  Therefore, any simulation of “spiking” oocysts into 
the sediment assumes that all of the oocysts mix and bind with the sediment and are 
based on recommended suspension spiking procedures that have been utilized for other 
contaminants (USEPA 2001b). 
 
Using the suspension spiking procedure oocysts were added directly to the sediment and 
mixed with 250 mL of buffered DI water or in initial experiments creek water.  The 
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recovery calculations assume that samples that collected the supernatant DI rinse water 
after mixing and settling were a recovery of the oocysts that were “released” from the 
spiked sediment either due to physical force or neutralization of ionic charges by the 
buffered DI rinse water.  The samples that collected the supernatant PBS-Tween 80 water 
after the second mixing and settling were a recovery of the oocysts that were “released” 
from the spiked sediment as well.  In all field samples, the matrix spike combined the 
pellets from the DI rinse and PBS-Tween 80 wash samples and assumed the number of 
oocysts recovered from these combined samples was the “total” recovery of the analytical 
method.   
 
An alternative or more conservative interpretation of the recovery data can be obtained 
by assuming that the oocysts spiked into the sediment really did not properly attach or 
bind and that the samples that collected the supernatant DI rinse water after mixing and 
settling were not recovery of the oocysts that were “released” from the spiked sediment , 
but rather oocysts that were not part of the sediment spike.  This then suggested that the 
oocysts recovered in the supernatant PBS-Tween 80 water after the second mixing and 
settling were a recovery of the oocysts that were “released” from the spiked sediment and 
therefore a conservative estimate of the analytical recovery.   
 
Finally, the reader could instead choose to use both interpretations as a boundary of the 
best and worst performance that could be observed of the analytical method.  Due to 
resource limitations, it was determined that in field study samples, the spike samples had 
combined rinse and wash results making a determination of range not possible, but 
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providing an indication of the upper limit of recovery and a way to compare to the 
benchmark of performance observed in the laboratory experiments. 
 
4.1.1 Approach For Experiments  1 & 2 
 
 
The first set of analytical performance experiments were performed using sample sizes of 
250 to 500 grams of sediment and currently existing elution solutions from previous 
studies by Walker (Walker, 1998b).  Spike doses originally consisted of 10,000 oocysts 
purchased from the Wisconsin State Laboratory of Hygiene that were counted and 
prepared using flow cytometry.  Spike samples were shipped and preserved in antibiotic 
solutions with 0.01% Tween 80 solution.  This spike dose resulted in a potential 
concentration of 20 - 40 oocysts/gram of sediment.  Oocyst spikes were mixed with 
sediment and 2 Liters of creek water to simulate true charge and chemistry conditions 
that would impact binding of oocysts to sediment.   
 
The method for preparing the spike dose and background samples is provided in detail in 
later sections, therefore the major components of the experiments will only be described 
in this section.  In general, the method developed for isolating Cryptosporidium from 
streambed sediments is based on EPA Method 1623 except for the addition of a special 
pre-processing techniques to elute the oocysts from the sediment by using a combination 
of physical isolation and charge neutralization techniques such that supernatant water can 
be filtered into a membrane filter using the water sample collection protocols from 
Method 1623.  The pre-processing component of the method involves a basic process of 
mixing the sediment with DI water to rinse the oocysts from the sediment and a PBS-
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Tween 80 solution to wash the oocysts from the sediment.  In each case the supernatant 
of the rinse and wash are filtered and analyzed according to method 1623. 
 
During the first experiment, four 2 Liter matrix spike samples were prepared and filtered 
twice, after the buffered DI water rinse and after the PBS-Tween 80 wash.  A positive 
control sample consisting of buffered MgCl2 DI water spiked with 10,000 oocysts was 
also prepared.  A background sample consisting of approximately 250 to 500 grams of 
sediment and 2 Liters of buffered MgCl2 DI water was also prepared.  Also samples 
(matrix spike, background, positive control) were then mixed using a Phipps-Bird Jar 
Tester at 300 rpm for 30 minutes.  The jar tester was then turned off allowing the water to 
settle for 30 minutes.  The supernatant water was then filtered.  Approximately 2 L of 
PBS-Tween 80 solution was then added to the sample containers and then the mixing and 
settling process was repeated and the PBS-Tween 80 supernatant was filtered.  Both the 
rinse supernatant and PBS-Tween 80 supernatant filter samples were kept separate for 
analysis in order to compare method performance after various stages. 
 
During the filtering of the creek water after mixing and settling, it was quickly evident 
that the sample sizes were too large and created too much turbidity for the membrane 
filters to properly filter all the supernatant without clogging.  In fact only 0.5 liters of 
creek water was filtered from the samples using up to 3 filters to achieve and taking 
upwards of over 45 minutes per sample.  An additional 0.5 Liters of PBS-Tween 80 
solution was added to the samples and the mixing and settling process was repeated.  As 
in previous steps, the supernatant water was filtered, but due to high sample turbidity 
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even after settling only 0.5 Liters could be filtered using multiple filters.  Again, these 
additional long filtration times and additional filter usage suggested that the sample 
processing using the current method would be too time consuming and create more steps 
for oocyst loss.  In addition, analytical performance results also demonstrated that the 
originally proposed method failed to meet Method 1623 criteria.   
 
Experiment #2 was conducted to determine the appropriate sediment sample size to use 
that would prevent premature membrane filter clogging and reduce processing time.  At 
sample sizes of greater than 20 - 30 grams of sediment the membrane filters always 
clogged before 2 liters of supernatant could be filtered.  Based on these results, it was 
determined that to account for future sample variability half of the observed sample size 
amount (10 grams) in future experiments would appropriately prevent membrane filter 
clogging problems.   
 
4.1.2 Approach for Experiment  3 
 
 
Questions arose during the sample collection period that after initial sediment cores are 
collected and stored overnight, there is a significant amount of overlying water in the 
storage container that could contain Cryptosporidium oocysts that were in the sediment or 
contain oocysts from the water column that could contaminate sediment samples and 
influence results.  Therefore, a brief experiment was conducted to determine if the 
supernatant water contained significant amounts of Cryptosporidium that could skew 
sediment results and that this water can be discarded.  The experiment consisted of 
collecting a 10 Liter water column sample, a 1 liter storage container supernatant sample 
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after overnight storage, a 13 gram sample of fine materials that settled from supernatant 
water that was decanted from the storage container 24 hours prior, and a 10 gram sample 
of streambed sediment.  Both the decanted sediment and streambed sediment were placed 
in mixing containers and 2 liters of MgCl2 buffered DI water was added to the water 
column.  At this point the standard pre-processing method of mixing and filtering the 
settled supernatant (see section 3.4) after a DI rinse was used, but the PBS-Tween 80 
wash component was not employed.  Cryptosporidium oocysts were not spiked into the 
samples for this experiment.  Results indicated that no significant amounts of 
Cryptosporidium were in the supernatant water that was drawn off and discarded and its 
removal should not influence analytical performance results.  
 
4.1.3 Approach for Experiments  4 & 5 
 
 
Experiments 4 & 5 were conducted to determine the additional recovery of oocysts using 
the additional PBS-Tween 80 wash procedures and to finalize/standardize the pre-
processing and analytical methods for field deployment.  Since a smaller sediment 
sample size was to be utilized, a smaller spike dose of 1,000 oocysts (resulting sediment 
concentration of 100 oocysts/mL) in order to meet analytical performance criteria 
previously established for a detection limit.  The experiments consisted of analyzing the 
rinse water from the matrix spike, positive control, and background samples separately 
from the PBS-Tween 80 wash samples collected from the same samples.  It was expected 
that the observations would then indicate if significant amounts of oocysts were being 
detected in the wash step and therefore more washes were needed.  Experiment 4 focused 
mainly on analytical performance and Experiment 5 reduced the matrix spikes in favor of 
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actual field samples marking the deployment of the final standardized analytical 
technique for field sampling. 
4.2 Analytical Results Experiment #1 
 
As mentioned previously, the first analytical experiment using the original method 
experienced filter clogging problems due to overestimating the proper sediment sample 
size.  Therefore, the entire sample could not be filtered for an accurate estimate of 
recovery and only the DI rinse step could be performed.  Table 4-1 compares the 
recovery assuming the partial volume filtered as the worst recovery and the estimated 
recovery if the entire volume was filtered based on the number of oocysts recovered.  
Based on these calculations, the observed recovery ranged between 6 and 12%, while the 
estimated recovery could have achieved 60 to 62%.  An alternative interpretation was that 
these amounts of oocysts were the oocysts that did not attach to the sediment spike.   
 
 
Table  4-1.  Analtyical Recovery – Experiment #1 
Matrix Spike # Date Sampled
% recovery 
(A/S)* 
% recovery 
(estimate)** 
1 5/22/2002 12% 62% 
2 5/22/2002 7% 60% 
3 5/22/2002 6% 61% 
4 5/22/2002 6% 60% 
* (A/S) – Actual # of oocysts counted in portion of volume filtered that was analyzed / Spiked # of oocysts 
** (estimate) – Estimated # of oocysts in entire volume of sample that if entire volume was filtered and 
analyzed would have been recovered / Spiked # of oocysts 
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4.3 Analytical Results Experiment # 4 
 
Experiment # 4 was the first experiment to utilize the final analytical method.  The 
recoveries ranged from 30 to 62% assuming all oocysts were mixed into the spike 
sample.  The recoveries assuming the oocysts in the rinse samples were not mixed into 
the sediment and that only the wash (PBS-Tween 80 supernatant) represented the true 
recovery ranged from 2 to 7%.  The Positive Control sample observed a 70% recovery 
which was between the range recoveries observed by the matrix spikes using the standard 
and conservative interpretations.  These results suggested that the analytical method was 
potentially performing adequately even using the most conservative of estimates and 
even on par with positive control samples. 
 
Based on the observed recoveries, the analytical performance achieved the criteria for an 
acceptable analytical method that was defined at the beginning of the study (Table 4-2).  
Therefore, the analytical performance study phase of the project was completed and the 
field study phase was initiated for Experiment # 5. 
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Table  4-2.  Analytical Performance Results Experiment #4 
Spike # Date 
% Recovery 
Standard 
% Recovery 
Wash * 
Overall 
Recovery 
(Sample 
A+B) 
1623 IPR 
Criteria 
1623 MS/MSD 
Criteria 
SP-1A 6/18/2002 59%     
SP-1B 6/18/2002 3% 7% 62%   
SP-2A 6/18/2002 48%     
SP-2B 6/18/2002 2% 3% 50%   
SP-3A 6/18/2002 44%     
SP-3B 6/18/2002 1% 2% 45%   
SP-4A 6/18/2002 29%     
SP-4B 6/18/2002 1% 2% 30%   
Mean 
recovery    
47%   
Max 
recovery (%)    
62%   
Min recovery 
(%)    
30%   
Standard 
deviation    
13%   
% Relative 
Standard 
Deviation    
28% 40  
Mean MS 
Recovery = 
(MS1+MS2)/
2  ---- ----- 
56 / 37.5% 21-100 13-111 
% Relative 
Percent 
Difference    
195 /105%  61 
Positive 
Control 6/18/2002 ---- ----- 
70%   
* Recovery calculated assuming – Oocysts recovered in sample B / (Spike # of oocysts – oocysts recovered 
in sample A) 
 
 
 
 
4.4 Analytical Results Experiment #5 
 
Experiment # 5 marked the beginning of the field sampling phase and the employment of 
the finalized analytical method.  As shown in Table 4-3, the observed recoveries were 79 
and 84% respectively assuming all oocysts were mixed into the spike sample.  The 
recoveries assuming the oocysts in the rinse samples were not mixed into the sediment 
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and that only the wash (PBS-Tween 80 supernatant) represented the true recovery were 
40 and 52% respectively.  The Positive Control sample observed a 64% recovery which 
was in between the recoveries observed by the matrix spikes using the standard and 
conservative interpretations.   These results suggested that the analytical method was 
performing adequately even using the most conservative of estimates and even on par 
with positive control samples. 
 
 
 
Table  4-3.  Analytical Performance Results of Experiment #5 
Spike # Date 
% 
Recovery 
Standard 
% Recovery 
Wash * 
Overall 
Recovery 
(Sample A+B) 
1623 
IPR
1623 
MS/MSD
SP-1A-10/09/02 10/9/2002 67% ------    
SP-1B-10/09/02 10/9/2002 17% 52% 84%   
SP-2A-10/09/02 10/9/2002 64% -----    
SP-2B-10/09/02 10/9/2002 14% 40% 79%   
Mean MS Recovery = 
(MS1+MS2)/2  ---- ----- 
81.5% 21-
100
13-111
% Relative Percent Difference    35.6  61 
Positive Control 10/9/2002 ---- ----- 64%   
* Recovery calculated assuming – Oocysts recovered in sample B / (Spike # of oocysts – oocysts recovered 
in sample A) 
 
 
4.5 Field Sample Study Matrix Spike and Positive Control Results 
 
As shown in Table 4-4, during the entire study using the final analytical method (6/18/02 
to 5/30/03) the matrix spikes observed a very similar average, range, and variability of 
recovery to that of positive control samples.  Both sets of samples also observed similar 
decline in analytical recovery throughout the first quarter of the field study eventually 
appearing to fall into the range of 30 to 50% recovery for the remaining quarter of the 
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field study.  Throughout the field study, neither sets of samples observed a dominant 
trend of consistently greater recovery over another matrix.  Based on the calculated 
recovery parameters shown in Table 4-5, the final analytical method achieves the 
analytical recovery criteria for both the Initial Precision and Recovery and Matrix 
Spike/Matrix Spike Duplicate Criteria for Method 1623.  However, it is important to note 
that the experiments to achieve the observed recoveries was different than that utilized to 
determine the IPR and MS/MSD performance measurements.  Therefore, it is not an 
indication that the method truly achieves the Method 1623 criteria, but observes 
analytical recoveries that suggest it could be as accurate and precise as Method 1623. 
 
 
Table  4-4.  Spike Sample Recoveries From 6/18/02 To 5/20/03 
Recovery 
Parameter Matrix spikes Control spikes
IPR 
1623 
MS/MSD 
1623 
Ongoing 
Precision & 
Recovery
Maximum 
recovery 84% 70% 
100 111 100 
Minimum 
recovery 30% 31% 
21 13 19 
Mean 
recovery 50% 48% 
21 - 100 13 - 111 19 - 100 
Standard 
Deviation 17% 15% 
   
Relative 
Standard 
Deviation 34.7% 30.5% 
40   
Rel. % Diff    61  
Precision 
Interval 16 - 84 18 - 78 
   
N 12 8 4 1 per 20 1 per 20 
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Figure  4-1.  Comparison of Positive Control and Matrix Spike Recoveries Using the 
Standard Analytical Method 
 
 
 
Table  4-5.  Method 1623 Analytical Performance Requirements/Criteria 
 Mean 
Recovery 
(%) 
Relative 
Standard 
Deviation (%) 
Relative 
Percent 
Difference (%) 
N 
IPR (initial 
precision 
recovery) 
21 – 100 40 N/A 4 
MS/MSD (matrix 
spike/matrix 
spike duplicate) 
13 - 111 N/A 61% 1 per 20 
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4.6 Summary of Analytical Performance Results 
 
 
The new finalized method was developed in this study to isolate and recover 
Cryptosporidium oocysts from sediment matrices.  A total of 20 samples in several 
different experiments were analyzed for comparison with USEPA Method 1623 criteria.  
As shown in Table 4-6 and Figure 4-2, the mean recovery observed for individual 
experiments, all spike samples, and all positive control samples was well within the 
requirements for all ranges established in USEPA Method 1623.  The percent relative 
standard deviation observed during individual experiments and from all experiments 
pooled ranged from 28 to 34.7% which was well below the 40% cutoff for initial 
precision and recovery testing criteria in USEPA Method 1623.  Comparing matrix spike 
performance to that required for matrix spikes and matrix spike duplicates in USEPA 
Method 1623, the mean recovery for individual experiment sets of 37.5 to 81.5% was 
well within the required range of 13 to 111% (Figure 4-3).  The only results that 
suggested that the method would not always perform according to USEPA method 1623 
at a spike dose of 1,000 oocysts was the observed relative percent difference in matrix 
spikes.  The relative percent differences of 105 and 195% observed in experiment #4 
were well beyond the requirement of 61%.  However in experiment #5 after more 
practice with the method, the relative percent difference was 35.6% and within acceptable 
limits.  Overall, the results demonstrate that the new method was able to achieve all 
established performanced based criteria by USEPA Method 1623 and meet laboratory 
requirements.
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Table  4-6.  Comparison of Experimental Results and Field Study Results With 
USEPA Method 1623 Criteria 
 
Experiment Results Pooled Experiment 
Results 
USEPA Method 1623 Critieria
Parameter 
Exp. #4 Exp. #5 
All 
Matrix 
Spikes 
All 
Positive 
Controls
Initial 
Precision 
& 
Recovery 
Matrix 
Spike/ 
Matrix 
Spike 
Duplicate 
Ongoing 
Precision 
& 
Recovery
Mean recovery (%) 47 81.5 50 48 21 - 100 13 - 111 19 - 100
Max recovery (%) 62 84 84 70 100 111 100 
Min recovery (%) 30 79 30 31 21 13 19 
Standard deviation 
(%) 
13 N/A 
17 15 
N/A N/A N/A 
% Relative Standard 
Deviation 
28 N/A 
34.7 30.5 
40 N/A N/A 
Mean MS Recovery 
(%) * 
56 / 37.5 81.5 
N/A N/A 
N/A 13 - 111 N/A 
Relative Percent 
Difference (%) 
195 / 105 35.6 N/A N/A N/A 61 N/A 
Positive Control 
Recovery (%) 
70 64 N/A N/A N/A N/A N/A 
N 4 2 12 8 4 1 per 20 1 per 20
* Mean MS Recovery  = (MS1+MS2) / 2 
 
 
Though the method was able to achieve method 1623 criteria, it is important to note the 
following considerations.  First, the method achieved these results at a spike dose level of 
1,000 oocysts per 10 grams of sediment or 100 oocysts/gram.  This may not be a 
reasonable level of detection for environmental samples and a full detection limit study 
should be implemented.  Second, new spike dose technologies such as ColorSeed and 
EasySeed are now available to reduce the impacts and error caused by background 
contamination of matrix spikes.  Third, the suspension spiking method was used for this 
study which assumes that all of the oocysts spiked into the sediment matrix were actually 
bound or trapped (physically or chemically) in the sediment matrix.  A better method of 
spiking sediment matrices with oocysts needs to be developed.  Fourth, there is no data to 
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determine the impacts of the analytical method on the infectivity and viability of the 
oocysts themselves and therefore needs further study. 
 
With significant resources an agency such as the USEPA could conduct a complete 
performance study of the method to improve or validate this methodology.  However, 
given analytical and resource limitations of this study, the initial development and 
demonstration of plausible performance was readily achieved in order to provide some 
level of confidence in the observed results in the field study.   
 
 
Figure  4-2.  Comparison of Experimental Results and Field Study Recoveries With 
USEPA Method 1623 Criteria 
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Figure  4-3.  Comparison of Matrix Spike Recoveries and Relative Percent 
Difference Observed Using The Standard Method and USEPA Method 1623 
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5. THE OCCURRENCE AND LEVELS OF GIARDIA AND 
CRYPTOSPORIDIUM IN STREAMBED SEDIMENTS 
 
 
 
5.1 Field Study Sampling Conditions 
 
As described in Chapter 3, field samples from the Wissahickon Creek study site were 
collected on 10 different occasions during stable flow periods between May 2002 and 
July 2003.  As shown in Figures 5-1 and 5-2 samples were collected during mainly dry 
periods, in fact, the samples collected prior to 11/20/02 were during some of the lowest 
flows that can be observed due to a prolonged drought period.  This was subsequently 
followed with a very wet fall, winter, and spring with the winter observing significant 
snow accumulations leading to higher than normal baseflows for the remainder of the 
study.  
 
Several events impacted the ability to obtain samples on the desired monthly basis.  
During the period from August and September 2002, the laboratory services facilities 
were under construction for HVAC repairs and were short of staff due to vacation 
periods.  This limited lab space availability and analytical processing and therefore only 
compliance critical samples could be analyzed during this period and the project 
sampling was suspended until October 2002.  Also, weather served as a serious inhibiting 
factor during the study preventing sampling for the periods of January and February due 
to extreme icing of the creek and streambanks preventing any safe entry or exit from the 
stream channel.  Therefore, samples were collected in March as soon as conditions of 
baseflow and access provided a safe and reasonable sampling environment.   
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The winter of December 2002 to March 2003 observed significant snow accumulations in 
the Philadelphia region and thus created significant challenges to any sampling of remote 
stream locations such as the one selected for this study.  For example, samplers had to 
push handtrucks with 3 coolers or boxes of equipment per sampler approximately 0.25 
miles along narrow bike paths that were not plowed during wintertime, thus access to the 
sampling site was almost impossible to achieve during the winter when over 2 feet of 
snow existed on the trails. 
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Figure  5-1.   Average Daily Flow In The Wissahickon Creek During The Study 
Period (Data source: United States Geological Survey) 
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Figure  5-2.  Daily Mean Flow and Long Term Daily Flow In The Wissahickon 
Creek During The Study Period (Data source: United States Geological Survey) 
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5.2 Field Water Quality Measurements 
 
 
Field measurements from the water column taken during the 10 sampling events were 
compared to determine if any potential seasonal or flow related trends were apparent that 
would influence other chemical or pathogen related measurements from the water column 
or sediments.  Sample collection times were consistently within the same one hour 
window (10-11am) during every run allow for some comparison of measurements that 
may tend to vary widely on a daily basis (dissolved oxygen, pH, temperature).  As shown 
in Table 5-1 and Figure 5-3, the pH varied the least along with specific conductance and 
dissolved oxygen.  Temperature and flow varied the most during the study period.  
Comparing the trends in flow and water column measurements (Figures 5-4 and 5-5), it 
appears that of all the field measurements, pH was the least influenced by flow.  
However, conductivity and temperature appeared to decrease in relation to significant 
changes in flow during wet weather periods which is expected in an urbanized watershed.  
The percent oxygen saturation also appeared to increase with increased flow periods, but 
this is also a result of decreased water temperature during rain periods and snowmelt 
events. 
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Table  5-1.  Summary of Field Water Column Measurements and Flow During Study 
Date Temp ( C ) pH 
Conductivity 
(µmho/cm2) 
% Oxygen 
Saturation 
Dissolved 
Oxygen 
(mg/L) 
Daily 
Mean 
Flow 
(cfs) 
5/22/2002 12.9 7.45 421.8 95.5 10.05 65 
6/18/2002 18.9 7.88 449 85.5 7.9 50 
7/22/2002 25.6 7.95 744 88 7 27 
10/9/2002 15.3 8.17 620 80.1 7.93 20 
11/20/2002 7.1 7.33 316 91.7 11.21 74 
12/18/2002 2.3 7.8 377 93 12.5 74 
3/11/2003 2.7 7.7 359 105 14.2 142 
4/2/2003 7.8 8.08 352 125 14.81 102 
4/29/2003 15.4 7.72 541 91.9 9.17 65 
5/20/2003 13.3 7.52 552 93.2 9.77 51 
maximum 25.6 8.17 744 125.0 14.8 142 
minimum 2.3 7.33 316 80.1 7.0 20 
average 12.1 7.76 473 94.9 10.5 67 
median 13.1 7.76 435 92.5 9.9 65 
standard 
deviation 7.3 0.27 138 12.4 2.7 35 
% RSD 60% 4% 29% 13% 26% 53% 
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Figure  5-3.  Comparison of Field Measurements Over Study Period 
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Figure  5-4.  Comparison of Flow with Field Conductivity Measurements 
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Figure  5-5.  Comparison of Flow with Field pH, Temperature, and Dissolved 
Oxygen Measurements 
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5.3 Streambed Sediment Particle Characterization 
 
 
The amount of fine materials and surface characteristics of the fine materials can 
significantly increase the charged surface area of suspended particulates in the water 
column to which oocysts can adsorb or bind.  Sieve analyses were conducted to 
characterize the sediments to determine any relationships between streambed materials 
and sediment quality or pathogen results.  The results of the sieve analysis of the 
streambed sediments that were collected showed that the sediment was predominantly a 
poorly or well graded sand with little fines.  The sediment particulate fractions (gravel, 
sand, fines) did vary significantly in the gravel and fine categories suggesting some 
potential for impact on other measurements (Table 5-2, Figures 5-6 & 5-7).  As shown in 
Figure 5-8, the distribution appears normal when the cumulative percentage passing the 
various sieve sizes is plotted using the z-values of the percentage passing.   
 
Comparison of random grid cell group selection and particle characterization shows that 
when grid cell groups A, B, and C were sampled, the materials were classified as an SP 
or poorly graded sand (Table 5-3).  When grid cell groups D, E, and F were sampled, the 
materials were classified as an SW or well graded sand.  The well-graded sands generally 
contained more gravel than poorly graded sands, but the amount of fines were not 
observed to be largely different between the two groups.  Overall, these results indicate 
that sufficient variability of the streambed sediment particle characteristics exist that 
potential for oocysts binding between events could be affected. 
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Table  5-2.  Summary of Streambed Sediment Results 
parameter
Gravel 
(%) Sand (%) Fines (%)
max 27 87.8 6.7 
min 7.2 68.2 1.7 
avg 18.68 77.43 3.89 
std. Dev. 5.51 6.18 1.63 
%RSD 30% 8% 42% 
N 10 10 10 
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Table  5-3.  Particle Characterization of Streambed Sediments 
Date 
Collected 
ASTM 
Method 
Gravel 
(%) 
Sand 
(%) 
Fines 
(%) 
Soil 
Classification
Soil 
Description 
Grid 
Collected
5/22/2002 
ASTM C-
136, D-
2487 18.3 78.3 3.4 SP 
Poorly graded 
micaceous 
sand with 
gravel mixed 
with schists 
friable to sand 
and silt A 
7/22/2002 
ASTM C-
136, D-
2487 21.8 74.7 3.5 SP 
Poorly graded 
micaceous 
sand with 
gravel mixed 
with schists 
friable to sand 
and silt B 
6/18/2002 
ASTM C-
136, D-
2487 15.1 82.1 2.8 SP 
Poorly graded 
micaceous 
sand with 
gravel mixed 
with schists 
friable to sand 
and silt C 
10/9/2002 
ASTM C-
136, D-
2487 19.2 75.2 5.6 SW-SM 
Well graded 
sand with silt 
and gravel D 
11/20/2002 
ASTM C-
136, D-
2487 25.1 68.2 6.7 SW-SM 
Well graded 
sand with silt 
and gravel E 
12/18/2002 
ASTM C-
136, D-
2487 19.2 77 3.8 SW 
Well graded 
sand with 
gravel F 
3/11/2003 
ASTM C-
136, D-
2487, 
D4318 18 80.3 1.7 SP 
Poorly graded 
sand with 
gravel A 
4/2/2003 
ASTM C-
136, D-
2487, 
D4318 15.9 82.4 1.7 SP 
Poorly graded 
sand with 
gravel B 
4/29/2003 
ASTM C-
136, D-
2487, 
D4318 7.2 87.8 5 SP 
Poorly graded 
sand with 
gravel C 
5/20/2003 
ASTM C-
136, D-
2487, 
D4318 27 68.3 4.7 SW 
Well graded 
sand with 
gravel D 
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Figure  5-6.  Sediment Material Comparison 
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Figure  5-7.  Sediment Sieve Profiles 
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Figure  5-8.  Normality of Sieve Profile Data 
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5.4 Water Quality Results 
 
 
Water quality was measured throughout the study to determine if any significant 
chemical characteristics would indicate changes or that would impact impacts sediment 
characteristics.   These indirect influences on sediment characteristics could also then 
lead to conditions affecting the presence or levels of Cryptosporidium in the water 
column.  Ultimately, it is desired to ascertain if there are water quality characteristics that 
are indicators of sediment conditions to predict sediment concentrations of 
Cryptosporidium. 
 
The water quality results shown in Table 5-4 were first compared to water quality 
standards and other recent data for the Wissahickon Creek.  This was conducted since the 
period of sampling included a severe drought and the wettest winter on record in over 
100 years to ensure the water quality was reasonably representative of the Wissahickon 
Creek in general and to determine how severely these climatological conditions could 
have affected water quality. 
 
The observed water quality was within the observed average and range of concentrations 
of similar parameters measured during stable flows from previous studies (Crockett, 
2000) of similar areas of the creek.  The observed values of all parameters exhibited 
similar or overlapping ranges of observations suggesting the data was representative 
enough to extrapolate any conclusions to other stable flow periods under different 
climatological conditions.  The water quality appears to be less variable than expected 
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from most natural streams, but the reason for its limited variability is that the stream is 
mainly comprised of wastewater effluent during stable flow periods and quarry 
discharges.  These consistent quality discharges can dampen normal natural and seasonal 
fluctuations in water quality that are evident in most natural streams. 
 
Turbidity measurements ranged from <1 to 5 NTU which is less than the over 10 NTU 
observed during wet weather periods demonstrating that samples were collected during 
non-rain influenced periods.  Total Organic Carbon, orthophosphate, nitrate, and 
ammonia measurements were typical for the Wissahickon Creek (Crockett, 2000).  
 
Stability and ranges of water quality concentrations observed in the water column during 
the study varied widely depending upon the parameter as shown in Table 5-4 and Figure 
5-8.  The greatest variability was observed in aluminum, ammonia, E. coli, fecal 
coliform, iron, orthophosphate, and turbidity samples with relative standard deviation 
between 37% and 103% for the study period.  However, this was expected since these 
parameters tend to be significantly influenced by flow in most stream systems (Interlandi, 
2003). 
 
The variation of water quality between sampling events was also compared.  As shown in 
Figures 5-9 and 5-10, average water quality concentrations during events exhibited 
expected seasonal trends.  For example, during winter months it is expected to see greater 
nutrient concentrations since the biological uptake and conversion of these constituents is 
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not occurring.  Other trends such as greater metals and particulate concentrations during 
the spring tend to follow with general seasonal flow trends as well. 
 
 
Table  5-4.  Summary of General Water Quality Results 
Parameter Units maximum minimum average Median
geometric 
mean 
standard 
deviation % RSD N 
Aluminum mg/L 0.16 0.043 0.095 0.093 0.087 0.038 40% 19 
Aluminum 
Dissolved mg/L 0.182 0.013 0.038 0.027 0.030 0.039 103% 17 
Ammonia mg/L 0.203 0.1 0.128 0.1 0.121 0.047 37% 11 
Chloride mg/L 110 50.6 91.5 98.4 89.5 17.8 19% 13 
E. coli cfu/100mL 180 10 70 50 45 63 89% 13 
Fecal Coliform cfu/100mL 200 10 91 60 58 78 85% 12 
Iron mg/L 0.222 0.087 0.141 0.131 0.136 0.039 28% 19 
Iron Dissolved mg/L 0.1 0.015 0.045 0.0365 0.039 0.025 56% 18 
Manganese mg/L 0.033 0.018 0.023 0.021 0.022 0.005 22% 19 
Manganese 
Dissolved mg/L 0.029 0.015 0.02 0.019 0.020 0.004 21% 18 
Nitrate mg/L 7.145 3 4.43 4.17 4.28 1.27 29% 13 
Orthophosphate mg/L 1.037 0.177 0.498 0.482 0.445 0.260 52% 13 
Silica mg/L 10.21 5.22 8.74 9.81 8.44 2.16 25% 8 
Sodium mg/L 69.05 41.36 51.47 46.038 50.19 12.64 25% 9 
Sodium Dissolved mg/L 72.125 42.447 54.381 48.747 53.099 13.391 25% 6 
TKN mg/L 0.718 0.3 0.536 0.542 0.525 0.110 20% 12 
TOC mg/L C 4.73 2.63 3.19 2.99 3.15 0.567 18% 13 
Turbidity NTU 4.82 0.956 1.97 1.2 1.68 1.31 67% 11 
Note: Parameters in bold observed substantial variability 
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Figure  5-9.  Ranges of Observed Water Quality During The Study Period 
 
 
 
 
Given the potential relationships between flow and water quality, water concentrations 
were compared to daily mean flow measurements for each sampling event during the 
study (Figure 5-11).  In general, nitrate, orthophosphate, and TKN appear to decrease 
with flow which is consistent with expected trends based on the nutrient cycle and 
influences by runoff and discharge.  Manganese, iron, aluminum, and turbidity appear to 
increase with flow.  These observations are consistent with expected trends based on 
influences of runoff on metals and particulates. 
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Figure  5-10.  Trends of Average Water Quality During Sampling Events
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Figure  5-11.  Flow vs. Average Water Column Concentration 
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5.5 Sediment Quality Measurement Results 
 
 
Sediment quality was measured throughout the study to determine if any significant 
chemical characteristics would indicate changes in the presence or levels of 
Cryptosporidium in sediments.  Multiple replicates of composite samples from each 
sampling run were analyzed for metals, nutrients, salts, coliforms, and solids content.  
 
Sediment quality appeared to vary widely (>20% RSD) for almost all of the parameters 
measured, except for aluminum, iron, manganese, and percent total solids (Table 5-5, 
Figure 5-12).  The lack of variability observed for metals and total solids indicates a 
number of important characteristics of the sediment.  First, the stable percent total solids 
measurements suggest that across the study, the moisture or pore water in the samples did 
not change and indicates a very reproducible sample processing procedure.  Second, since 
metal concentrations are affected by changes in redox potential, pH, and ionic charge 
conditions in the sediment, stable metal concentrations throughout the study indicate no 
significant variability in charge conditions in the sediment.   Third, the combination of 
the previous two results would suggest relatively stable conditions that would not vary 
the potential for oocyst binding or sorption in the sediment matrix.  However, variability 
of other measurements would suggest a very variable matrix and variable binding 
conditions, but these observations can be readily explained.  The variability of bacteria 
measurements is inherently due to the analytical methodology itself that is employed 
using multiple dilutions of water washed from a sediment matrix according to ASTM 
standards.  The variability of ammonia is due to a change in analytical methodology and 
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analytical detection limit by the laboratory during the study reducing the ability to 
reliably interpret these data.  The moderate variability observed in nutrient and other 
inorganic measurements was expected due to changing inputs of nutrients into the water 
column due to upstream discharges and runoff and biological activity given the well 
known role of sediments as a source and sink of these constituents. 
 
Bacteria levels observed in the sediment during this study were suprisingly low compared 
to other studies (< 1,000 cfu/g).  In fact, observations in this study were generally a factor 
of 10 lower than that observed in streambed sediments in other studies discussed in 
Chapter 1.  These results suggest that the sediment was not as contaminated by pathogens 
as in other studies or that sample collection and analysis created considerable losses.  
Based on the assumption that bacteria levels in sediment are indicators of other 
pathogens, the limited observed bacteria contamination of the sediment would suggest 
that other pathogens such as Cryptosporidium may not be present in large quantities as 
well. 
 
In general, sediment quality appeared to follow a number of trends.  Metals (aluminum 
and iron) were generally observed at higher levels (between 1,000 and 10,000 mg/kg) 
than other constituents during the study period.  Nutrients (ammonia, nitrate, 
orthophospate) were observed at the lowest levels in the study (between 0.1 mg/kg and 
10 mg/kg).  The remaining sediment quality measurements of other organic constituents 
fell between these two groups in the range of 10 to 1,000 mg/kg. 
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A comparison of the average sediment concentration during each event for the parameters 
analyzed was performed to determine any indication of seasonal influences on sediment 
quality or conditions.  As shown in Figure 5-13, all parameters appeared to be at their 
greatest average concentrations in the sediment during the winter season except for 
nitrate (ammonia measurements were considered to unreliable for analysis).  These 
observations indicate that the sediment quality and charge conditions appear to be 
significantly influenced by biological activity and thus may indicate that winter 
represents the period of greatest potential binding.  Bacteria concentrations were on 
average at their highest levels during the winter. 
 
 
 
Table  5-5.  Summary of Sediment Quality 
Parameter Units Maximum Minimum Average Median
Geometric 
Mean 
Standard 
Deviation 
% 
RSD N 
Aluminum mg/kg 12161 6920 9152 8964 9043 1448 16% 36 
Ammonia mg/kg 56.68016 1.0 6.5 2.0 3.0 11.0 169% 36 
Chloride mg/kg 304.478 49.55527 111.918 130.5 101.1 49.93 45% 36 
E. coli cfu/g 150 40 82 75 75 38 46% 6 
Fecal Coliform cfu/g 2168 17 635 488 389 569 90% 26 
Iron mg/kg 23303.28 11600 16405 15933 16211 2596 16% 36 
Manganese mg/kg 277.7367 140 199 193 196 36 18% 36 
Nitrate mg/kg 12.8 1.234589 3.8 2.5 2.7 3.4 90% 32 
Orthophosphate mg/kg 4.57 1.664549 2.71 2.62 2.61 0.79 29% 27 
Sodium mg/kg 349.3181 143.667 250.146 246.265 243.085 59.270 24% 17 
Sulfate mg/kg 430.6247 60.99865 134.9863 130.500 123.374 66.269 49% 36 
TKN mg/kg 866 239 467 419 436 184 39% 39 
Total Solids % 78.7 67.7 74.5 74.9 74.4 2.8 4% 39 
Volatile Solids % 3.1 1.1 1.8 1.7 1.7 0.6 35% 28 
Note: mg/kg of dry weight calculated based on conversion of % total solids 
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Figure  5-12.  Ranges of Sediment Quality During The Study Period 
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Figure  5-13.  Comparison Mean Sediment Quality Concentrations During Sampling 
Events 
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5.6 Environmental Occurrence and Levels of Giardia and Cryptosporidium in Sediments 
 
 
Cryptosporidium was detected in sediment samples from 5 of the 10 sampling 
runs/events.  Cryptosporidium was detected 7 times from 22 sediment samples that were 
analyzed (32%) during the study (see Table 5-6) at an average detection limit of 0.069 
oocysts/gram.  Giardia was detected 2 times from 22 sediment samples that were 
analyzed (9%) during the study.  Almost all of the samples that detected Cryptosporidium 
were collected in late fall/early winter and spring following presence and spike level 
trends we have observed in the water column over the past several years.  Again this 
suggests that the same mechanisms affecting protozoa occurrence and levels in the water 
column on a seasonal basis are also affecting that in sediments.   These could be due to 
temperature impacts on survival or on mechanisms of predation in sediment or runoff 
influences.   
 
The only sampling occasions where Cryptosporidium and Giardia were simultaneously 
detected in sediments were on 6/18/02 and 11/20/02.   These simultaneous detections did 
not occur during the periods of maximum concentration.  A correlation between Giardia 
and Cryptosporidium in the sediment could not be determined, due to the lack of 
simultaneous detection and the limited number of positive samples in the study. 
 
One sediment sample from each of the three final sampling events in the winter/spring of 
2003 were analyzed for viability.  None of the samples were positive for viable 
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Cryptosporidium oocysts (as assessed using cell culture methods).  These results suggest 
additional viability studies are necessary. 
 
 
Table  5-6.  Frequency Of Cryptosporidium Detection In Sediment 
 Sediment 
Occurrence Giardia Cryptosporidium 
# positive 2 7 
# samples 22 22 
% positive 9% 32% 
 
 
 
 
 
Figure  5-14.  Levels Of Cryptosporidium and Giardia in Sediments By Sampling Date 
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As shown in Figure 5-14 and Table 5-8, the maximum Giardia concentration of 0.095 
cysts/gram was observed on 11/20/02.  The maximum Cryptosporidium concentration of 
0.785 oocysts/gram was observed on 12/18/02 (Table 5-9).  On this date, three samples 
detected Cryptosporidium in the sediment representing the greatest mean concentration in 
sediment during the study.  This event also represents the period when almost half of the 
samples from which Cryptosporidium was detected during the entire study.  The majority 
of the non-detect samples were collected during the summer season and warm weather 
periods. 
 
A summary of the sediment concentrations of Cryptosporidium is provided in Table 5-7.  
As shown, sediment concentrations can be expressed in a number of formats.  The 
concentrations can be represented by the volume of experiment water and wash solution 
filtered (a cyst/L format), or as the standard oocysts per gram of sediment analyzed 
format, and finally as in the volume of packed pellet from the filtrate that was analyzed.  
The most appropriate version is in oocysts per gram which will be the format used in this 
document.  In order to compare sediment concentrations to water column concentrations, 
a single common format needs to be determined.  This involves using the comparisons in 
terms of representative loads (oocysts/day), one of these three formats may be necessary 
for alternative comparison methods. 
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Table  5-7.  Summary of Sediment Concentrations of Cryptosporidium and Giardia 
Expressed Using The Volume Examined, Standard, and Packed Pellet Formats 
 Volume Examined Standard Packet Pellet 
parameter 
Giardia 
cysts / L 
Crypto 
oocysts / L
Giardia 
cysts/g 
Crypto 
oocysts/g
Giardia 
cysts/mL 
Crypto 
oocysts/mL
max 1 4.5 0.094967 0.78534 1.666667 9 
min 0 0 0 0 0 0 
avg 0.06818182 0.462136 0.00776 0.064929 0.121212 1.113636
med 0 0 0 0 0 0 
stdev 0.23378126 1.119723 0.025292 0.172404 0.405589 2.457785
var 0.05465368 1.253779 0.00064 0.029723 0.164502 6.040705
90%tile 0 0.95 0 0.097216 0 3.166667
N 22 22 22 22 22 22 
sum 1.5 10.167 0.170724 1.428438 2.666667 24.5 
%RSD 343 242 326 266 335 221 
* for calculations non-detects were treated as zeros 
 
 
 
 
Table  5-8.  Summary of Giardia Concentrations (cysts/gram) In Sediment By Date 
Date Means Median Std.Dev. Variance Q25 Q75 N % RSD
5/22/2002 0  0 0   1  
6/18/2002 0.038 0.037879 0.054 0.0029 0 0.076 2 142% 
7/22/2002 0 0 0 0 0 0 3  
10/9/2002 0 0 0 0 0 0 6  
11/20/2002 0.032 0 0.055 0.0030 0 0.095 3 172% 
12/18/2002 0 0 0 0 0 0 3  
3/11/2003 0  0 0   1  
4/2/2003 0  0 0   1  
4/29/2003 0  0 0   1  
5/20/2003 0  0 0   1  
ALL 0.008 0 0.025 0.00064 0 0 22 313% 
Note: All concentrations in cysts/gram 
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Table  5-9.  Summary of Cryptosporidium Concentrations (oocysts/gram) In 
Sediment By Sample Date 
Date Means Median Std.Dev. Variance Q25 Q75 N % RSD
5/22/2002 0  0 0   1  
6/18/2002 0.038 0.038 0.054 0.0023 0 0.076 2 142% 
7/22/2002 0 0 0 0 0 0 3  
10/9/2002 0.044 0 0.106 0.011 0 0 6 241% 
11/20/2002 0.032 0 0.055 0.003 0 0.095 3 172% 
12/18/2002 0.322 0.098 0.401 0.161 0.083 0.785 3 124% 
3/11/2003 0.031  0 0   1  
4/2/2003 0  0 0   1  
4/29/2003 0  0 0   1  
5/20/2003 0  0 0   1  
ALL 0.065 0 0.172 0.030 0 0.076 22 265% 
Note: All concentrations in oocysts/gram 
Sample number varied due to need to combine pellets for cell culturing/viability testing 
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5.7   Comparison of Occurrence, Trends, and Mean Concentrations of Giardia and 
Cryptosporidium in Overlying Waters and Sediments 
 
 
The determination of whether sediments are an important reservoir source of 
Cryptosporidium requires a comparison of the observed results from the water column 
and the sediment.  Comparing the occurrence of Cryptosporidium in sediment to periods 
detected in the water column, 2 of the 3 water column positives for Cryptosporidium 
occurred on same dates Cryptosporidium was detected in sediment (Figure 5-15).  Also, 
the spikes in water column concentrations also appeared during the same period 
maximum concentrations in sediment were detected.  This suggests there is some 
association occurring.  Most of the detects in sediment and water column occurred in 
winter time or colder weather periods.  
 
 
Table  5-10.  Frequency Of Cryptosporidium Detection In Sediment And Water 
Column 
 Sediment Water Column 
Occurrence GiardiaCryptosporidium Giardia Cryptosporidium 
# positive 2 7 2 3 
# samples 22 22 10 10 
% positive 9% 32% 20% 30% 
 
 
Giardia was detected more often in water column (2/10 = 20%) than in sediment samples 
(2/22=9%) (Table 5-10).  However Cryptosporidium was detected in the water column 
and sediment at almost identical frequencies (30% vs. 32% for sediment).  Using a test of 
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significance of binomial proportions (Snedecor and Cochran, 1989), the frequency of 
detection of Cryptosporidium in sediment and the water column were compared to 
determine if they were statistically similar.  The detailed statistical tables for the test are 
provided in Appendix F.  Based on the results of the test (p=0.97), the frequency of 
detection of Cryptosporidium in the sediment was not different from that in the water 
column.  This is consistent with the hypothesis that a similar or greater detection 
frequency of Cryptosporidium in the sediment occurred, which would be necessary for 
sediments to serve as an active reservoir of Cryptosporidium oocysts. 
 
Since several sediment samples were collected from the streambed grid and only one 
water column sample was collected for each sampling run, another way to compare 
frequency of detection per event instead of total sample population.  Cryptosporidium 
was detected more frequently in sediment sampling events (5/10=50%) than from the 
water column (3/10 = 33%).   This is consistent with the hypothesis that sediment serves 
as an active reservoir of Cryptosporidium. 
 
As shown in Tables 5-11 and 5-12, a 2x2 contingency table was developed to evaluate if 
the presence of Cryptosporidium in the water and sediment were statistically dependent.  
A standard contingency table approach and chi-square test (Snedecor and Cochran, 1989) 
was performed using a null hypothesis that the presence of the organism in the water 
column is independent of the presence of the organism in the sediment.  Results of the 
test (p = 0.49 and 0.43 respectively), indicate that the detection of Cryptosporidium and 
Giardia in the sediment and water column were statistically independent of one another.  
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Given the small number of simultaneous sampling events (10) and low number of 
positive samples, a much larger sample size would be needed to determine if a true 
statistical difference does exist. 
  
 
 
Table  5-11.  Contingency Table Comparison of Cryptosporidium Detection 
Frequencies in The Water Column and Sediment 
 SEDIMENT  
WATER COLUMN negative at least 1 positive total 
negative 4 3 7 
positive 1 2 3 
total 5 5 10 
    
F f-F 
3.5 3.5 0.5 -0.5 
1.5 1.5 -0.5 0.5 
 
 
 
Table  5-12.  Contingency Table Comparison of Giardia Detection Frequencies in 
The Water Column and Sediment 
 
SEDIMENT 
  
WATER COLUMN negative at least 1 positive total 
negative 6 2 8 
positive 2 0 2 
total 8 2 10 
    
F 
 
f-F 
 
6.4 1.6 -0.4 0.4 
1.6 0.4 0.4 -0.4 
 
 
Giardia occurrence did not appear to follow any trends in sediment or the water column 
suggesting different sources and mechanisms affecting Giardia as compared 
Cryptosporidium.  This is somewhat different than observed from past studies (Crockett 
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1997, Crockett 2000) where there was a statistical correlation observed between Giardia 
and Cryptosporidium concentrations in the water column.   
 
 
 
Figure  5-15.  Comparison of Observed Cryptosporidium and Giardia in Streambed 
Sediments and Water Column By Date 
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concentrations on a quantitative basis.  Sediment concentrations that are reported in a 
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oocyst per volume format for water column measurements.  This involved converting the 
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below: 
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Equation  5-1.  Conversion of Sediment Cryptosporidium Concentrations To A Water 
Volume Equivalent 
 
Sedwve (in oocysts/L) = (oocysts/g * 2.65 g/cm3 * 1000 cm3/L) 
 
 
 
As shown in Table 5-13, when using a common metric, concentrations of Giardia and 
Cryptosporidium in the sediment are usually 100 to 1,000 times greater than in the water 
column.  This is similar to the concentration difference between sediment and the water 
column observed in bacteria studies described in Chapter 1.   
 
Table 5-14 shows the Maximum Likelihood Estimator (MLE) mean values for each 
matrix were calculated by summing the number of oocysts counted in all the samples and 
dividing it by the sum of the volume of water or mass of sediment examined using the 
analytical process.  Comparing the mean concentrations in the sediment and in the water 
column using the MLE method, concentrations of Giardia and Cryptosporidium in the 
sediment were 80 and 147 times greater than in the water column respectively. 
 
The Wilcoxon Matched Pairs Test was performed using STATISTICA Version 6.1 to 
determine any statistical differences in mean Cryptosporidium concentrations in the 
sediment and water column.  The Wilcoxon matched pairs test is a nonparametric 
alternative to the t-test for dependent (correlated) samples (Snedecor & Cochran, 1989).  
Given that the observed data is most likely to not be normal, the Wilcoxon test provides a 
more robust, but potentially less powerful indicator of statistical difference if one is 
observed compared to the t-test.  The Wilcoxon matched pairs test is also more powerful 
  
119
than other nonparametric tests such as the Sign test (Snedecor & Cochran, 1989).  As 
shown in Table 5-16, a statistically significant difference in the median values was 
observed (Z = 1.99) indicating that the equivalent concentration of Cryptosporidium in 
sediment was statistically greater than that in the water column during the study period. 
 
 
 
Table  5-13.  Comparison of Sediment and Water Column Concentrations 
 
  Water column Sediment 
  
Giardia
cysts / L
Crypto 
oocysts / L
Giardia 
cysts/L 
Crypto 
oocysts/L 
Maximum 0.40 2.20 251 2,081 
Minimum - - - - 
Average 0.05 0.37 20.6 172 
Median - - - - 
Std. Dev. 0.13 0.78 67.0 456.9 
Variance 0.02 0.60 4,492 208,731 
90%tile 0.13 1.5 - 258 
N 10 10 22 22 
%RSD 2.54 2.10 3.26 2.66 
Sediment concentrations converted using density conversion : 
sediment concentration volume equivalent =  (oocysts/G * 2.65 g/cm3 * 1000 mL/L) 
 
 
 
 
Table  5-14.  Comparison of Maximum Likelihood Estimator Means Of Water 
Column And Sediment Pathogen Concentrations 
 
Sediment MLE water column MLE 
Giardia 
cysts/L 
Crypto 
oocysts/L 
Giardia 
cysts/L 
Crypto 
oocysts/L 
7.083 60.205 0.089 0.411 
Sediment concentrations converted using density conversion : 
sediment concentration volume equivalent =  (oocysts/G * 2.65 g/cm3 * 1000 mL/L) 
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Table  5-15.  Wilcoxon Paired Test Results of Cryptosporidium Concentrations in 
Sediment and The Water Column 
 
Paired Variables 
# Pairs 
(N) 
Z p-value 
Equivalent Cryptosporidium Concentration 
In Sediment vs. Cryptosporidium Concentration
In Water Column 
10 1.991741 0.046400
 
 
These results suggest that sediment can harbor oocysts in large concentrations, but does 
not provide direct information about its significance for watershed loadings through flux.  
Because the amount of sediment and water transported are very different, the significance 
of these concentrations needs to be compared using the overall flux from the two 
matrices.  The concentrations observed in the sediment would then be considered 
significant if the estimated flux of Cryptosporidium by sediment exceeds 10% of the total 
Cryptosporidium load in the water column. 
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5.8 Comparison of Distributions of Sediment in Streambed Sediments and Overlying 
Waters 
 
 
It was necessary to fit the observed source water and sediment densities to occurrence 
distributions in order to determine if Cryptosporidium is distributed differently in 
sediment than in the overlying water column.  This information can be utilized in later 
sections to indicate potentially different mechanisms for release and uptake of 
Cryptosporidium by streambed sediments. 
 
There are a number of distributions used to describe the distribution of microorganisms in 
water and other media (Haas, 1999).  These include the Poisson and non-Poisson 
distributions.  The Poisson distribution is used to model “randomly” distributed 
microorganisms in a given volume or mass of media (Haas and Heller, 1990).  Non-
Poisson distributions which include the Negative Binomial, Poisson Lognormal, and 
Poisson-Inverse Gaussian are also useful models for microorganisms that are less 
randomly distributed and exhibit more “clumping” in a given media (Haas, 1999).  It is 
generally considered standard practice to attempt to fit the distribution of data to the 
Poisson distribution and then check for statistical improvements in fit with the Negative 
Binomial and other remaining distributions afterwards. 
 
The Poisson distribution predicts the probability that a sample (x) will contain N 
organisms (including N = 0) in a volume V and is shown in equation 5-2 (Haas, 1999): 
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Equation  5-2.  P(x = N) = (µV) Nexp(-µV) 
     N! 
 
Where µ is the mean concentration of organisms in the water, V is the volume sampled, 
and N is the number of microorganisms in the sample.  An example can be demonstrated 
by assuming the mean concentration µ is 1/100L and the volume sampled is 100L, 
therefore µV=1.  The probability of N = 0, 1, 2, or 3 organisms using the Poisson 
distribution (equation 5-2) would be 0.3679, 0.3679, 0.1839, and 0.613 respectively. 
 
If we want to determine the probability of less than N organisms occurring in a sample, 
we need to use a cumulative distribution.  The cumulative Poisson distribution can be 
determined by the equation 5-3 (Haas, 1999). 
 
Equation  5-3.  P(<N) = 1 – U(2µV, 2N+2) 
 
Where U(y,n) is the probability under the chi-square distribution with n degrees of 
freedom up to a chi-square value of y.  Using the same conditions from the example 
above, if we want to determine the probability that a 100-L sample will have 3 organisms 
or less, it will be 1 – U(2,8).  The area under the chi-square probability distribution curve 
corresponding to 8 degrees of freedom is 0.9810.  This is consistent with the first 
example, if the individual probabilities from 0 to 3 were summed. 
 
To determine the mean density of all the samples collected for a given media (sediment 
or water column), the maximum likelihood estimator (MLE) best density can be used.  
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The MLE density is obtained by dividing the total number of cysts or oocysts found by 
the total volume examined by the laboratory processing.  Using that mean, the overall 
expected number of occasions that exactly j oocysts would be found in the total set of 
samples is shown in equation 5-4 (Haas, 1999): 
 
Equation  5-4.  N(j) = Σ(µV) jexp(-µV) 
     J! 
 
The sum of the occasions N(j) for which 0, 1, 2, 3, etc. cysts or oocysts can be found is 
compared to the observed number of occasions for which 0, 1, 2, 3, etc. cysts or oocysts 
are found to determine an overall goodness of fit by using the Fisher chi-square test.  The 
method of the Fisher chi-square test is computed using equation 5-5 (Snedecor and 
Cochran, 1989): 
 
 Equation  5-5. χ2 = (observed – expected)2 
         expected 
 
The value from equation 5-5 is compared to the chi-square value at alpha = 0.05 and jmax-
1 degrees of freedom.  Where jmax is the maximum number of cysts or oocysts found plus 
1 because zero cysts or oocysts are also observed.  The null hypothesis for this case is 
that the model and the observed data are indistinguishable.  Therefore a resulting p-value 
of less than 0.05 from the significance test rejects the null hypothesis.  This method 
requires at least 5 observations per bin and in small sample sets may not be possible 
(Haas, 1999). 
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Another way of using this test for smaller sample sizes is using the method of maximum 
likelihood estimation (MLE), and in particular the 2LnL method.  If the occurrence 
distribution is assumed to be Poisson, the log likelihood of detecting x organisms in a 
sample Vi with a mean µ from equation 5-2 becomes equation 5-6 (Haas, 1999): 
 
Equation  5-6.  LnL = (-µVi) + xi ln(µVi) 
 
And the null likelihood can be described as follows in equation 5-7 (Haas, 1999): 
 
Equation  5-7.  Null LnL = (xi) + xi ln(xi) 
 
Where µ is the mean density, Vi is the volume examined for the sample i, and xi is the 
number of cysts or oocysts observed for sample i. 
 
The difference in the log likelihoods can then be determined and compared to the 
tabulated chi-square statistic for goodness of fit by the following equation (Haas, 1999 
 
Equation  5-8.  Y = Σ -2 [LnL - Null LnL] 
 
Where Y is the residual deviance between the observed data and the predicted model.  
Explained in simpler terms instead of the equation representations, Y can be rewritten in 
equation 5-9 (Haas, 1999) as: 
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Equation  5-9.  Residual Deviance Between Observed Data and Predicted Model 
Y = Σ -2 * ln [probability of obs. # of cysts with Poisson mean and observed volumed examined] 
  Probability of observed # cysts given observed # cysts 
 
 
The Y-value was then compared to the tabulated chi-square statistic at j-f degrees of 
freedom, where j is the number of observations and f is the number of parameters in the 
model (1 for the Poisson distribution, 2 for the Negative Binomial distribution). 
 
The method used in this study to determine the distribution of protozoan occurrence was 
the Maximum Likelihood Estimation (MLE) method.  Using the MLE method, the 
Poisson and Negative Binomial distributions were attempted to statistically fit the 
observed protozoan densities in the streambed sediment and the water column during the 
study period.  
 
The MLE method provides an advantage over the standard chi-square goodness of fit 
testing that would otherwise need to be performed.  The chi-square test method requires 
binning the data and at least five observations are required per bin.  In the case of data 
with many non-detects, there may not be enough data to provide even more than 2 bins, 
which would limit the power of the statistical test.  If 2 bins are only available, only the 
goodness of fit for the Poisson model can be tested (1 d.o.f.), while the negative binomial 
model which fits 2 parameters (µ and k) does not preserve any degrees of freedom for 
statistical testing. 
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Table 5-16 summarizes of the parameters estimated for the fit of the Poisson distribution 
to Cryptosporidium oocysts in the streambed sediment and water column.  The parameter 
µ, represents the best fit mean density of the occurrence distribution for the location.  In 
Table 5-16 the last two rows describe two very important features of the distribution.  
First, the “Fit?” row describes if the model statistically fits the observed data using the 
binning method.  The “Lack of Fit” row describes using absolute goodness of fit test 
results (described in detail in Appendix F) that determine if the model captures the same 
amount of data as the empirical data itself.  As shown, though the Poisson distribution did 
not provide a statistically significant fit to the data using the binning method, the fact that 
there is no lack of fit to the Poisson distribution suggests a more powerful test may find it 
is adequate to describe the data. 
 
Table  5-16.  Best Fit Parameters for Poisson Occurrence Test Using MLE Method 
for Observed Cryptosporidium Densities in Streambed Sediment and Water Column 
Parameter Sediment
Water 
Column 
Sed. 
Equiv. Pooled 
Units (oocysts/g)(oocysts/L)(oocysts/L)(oocysts/L)
N 22 10 22 32 
µ 0.022719 0.411111 0.429564 0.416747 
2lnL 89.80982 105.2862 54.6521 159.9606 
p-value 1.74E-10 1.34E-18 7.94E-05 2.62E-19 
Fit? No No No No 
Lack of Fit No Yes Yes Yes 
 
 
Based on the statistical analysis, the sediment and water column Cryptosporidium 
densities did not fit the Poisson distribution using the MLE binning method.  Therefore, 
another distribution was selected to find a statistically acceptable model of the occurrence 
of Cryptosporidium oocysts in the streambed and the stream.   
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If the Poisson distribution did not fit the occurrence data, the Negative Binomial 
distribution was then used to fit the data.  The Negative Binomial distribution determines 
the underlying frequency of finding cysts or oocysts, assuming a constant mean density 
and constant overdispersion parameter (k) to describe the sample.  The probability of 
finding the observed number of cysts or oocysts, xi in volume Vi, is then given in 
equation 5-10 (Haas and Heller, 1990) by: 
 
Equation  5-10.  P(xi) = Γ(k + xi) [µVi]xi [ k ]xi+k 
Γ(k)xi! [k] [µVi +k] 
 
The natural log of the probability for each observation is then calculated and summed up 
to give a Y-value.  Using the method of maximum likelihood, the best fit values of µ and 
k can be obtained using the solver add-in on Microsoft EXCEL to minimize the value of 
Y.  Note that this method does not uses twice the log likelihood and the value of Y cannot 
be compared to the chi-square distribution. 
 
The test for statistical improvement in fit can be done by running the solver again but 
setting k to be a constant large number approaching infinity.  If the difference in the LnL 
for the Negative Binomial and the Negative Binomial at large k (which is Poisson) is 
greater than the chi-square statistic at α = 0.05 for 1 degree of freedom, the Negative 
Binomial model provides a statistically distinguishable improvement in fit over the 
Poisson model. 
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In order to determine the goodness of fit of the Negative Binomial distribution to the 
observed occurrence data, equation 5-10 would be used.  However, the equation would be 
modified to predict the probability of observing a chosen number of j cysts or oocysts 
instead of xi cysts or oocysts in a sample of volume Vi given the best fit parameters k and 
µ.  The sum of the probabilities for which 0, 1, 2, 3, etc. cysts or oocysts can be found is 
then compared to the observed number of occasions for which 0, 1, 2, 3, etc cysts or 
oocysts are found to determine an overall goodness of fit by using the Fisher chi-square 
test.  The residual sum of squares calculated using equation 5-9 and compared to the chi-
square value at alpha = 0.05 and jmax-1 degrees of freedom.  Where jmax is the maximum 
number of cysts or oocysts found plus 1, because zero cysts or oocysts are also observed.  
Again, the null hypothesis is that the model and the observed data are indistinguishable.  
Therefore a resulting p-value of less than 0.05 from the significance test rejects the null 
hypothesis. 
 
It should be noted however, that in order to perform the MLE bin test properly, five 
observations are needed per cell.  Therefore, if 0, 1, 2, and 3 cysts are observed in the 
samples, a total of 20 samples with 5 observations for 0, 1, 2, and 3 cysts each are 
required.  The degrees of freedom would be 2, determined from 4 (4 cells for counts of 0, 
1, 2, and 3) minus 2 parameters (µ and k).  In the case of small sample sizes (N<20), then 
observations must be “binned” to cover ranges of cyst/oocyst counts (0, 1-2, and 3) to 
provide at least 3 bins requiring a minimum of 15 samples and 5 samples per bin.  For 
sample sizes of less than fifteen observations or in cases where three bins cannot be 
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established (many zeros, few detects), an alternative method using the likelihood ratio 
method must be employed. 
 
The same maximum likelihood estimator approach that was used for the Poisson 
distribution was repeated to fit the data to the Negative Binomial distribution.  Table 5-17 
provides the best fit parameters using the MLE method for the observed distribution of 
Cryptosporidium oocysts in sediment and the water column.  Using this method however, 
only 2 bins are available and 2 parameters are used to fit the model preventing the 
calculation of a p-value to determine goodness of fit.  Therefore, in Table 5-17 the “Lack 
of Fit” row describes using absolute goodness of fit test results (described in detail in 
Appendix F) that determine if the model captures the same amount of data as the 
empirical data itself.  As shown, there is a lack of fit of the observed data to the Negative 
Binomial distribution which suggests a more powerful test may find it is inadequate to 
describe the data.  Different statistical methods (likelihood ratio test) were employed to 
determine goodness of fit since the binning method and lack of fit tests provided little 
information about the capability of the Negative Binomial distribution to describe the 
data. 
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Table  5-17.  Best Fit Parameters for Negative Binomial Occurrence Test Using The 
MLE Binning Method for Observed Cryptosporidium Densities in Streambed 
Sediment and Water Column 
Parameter 
Water 
Column Sediment
Sediment 
Equivalent 
N 10 22 22 
# bins 2 2 2 
d.o.f. 0 0 0 
µ  
(oocysts/L or 
oocysts/g) 0.372035 0.062206 0.486666 
k 0.107629 0.174688 0.291737 
LnL 16.45594 26.06597 23.95018 
p-value* N/A N/A N/A 
Lack of Fit Yes Yes Yes 
* p-value cannot be calculated using this method due to lack of degrees of freedom. 
 
The statistical improvement in fit that the Negative Binomial distribution provides over 
the Poisson distribution requires the calculation of log-likelihood values for the Negative 
Binomial and Poisson distributions.  The log-likelihood value for the Poisson distribution 
is calculated by setting µ equal to the µ determined in Table 5-16 and setting k to be a 
very large value (>100000) before running the LnL minimization program.  The Negative 
Binomial distribution at very high k values (very great dispersion or mixing) becomes the 
Poisson distribution.  Once the log-likelihood values are calculated the statistical 
improvement in fit that the Negative Binomial distribution provides over the Poisson 
distribution can be calculated by subtracting the log-likelihood values calculated for the 
Negative Binomial and Poisson distributions and calculating a p-value for 1 degree of 
freedom (2 parameters for Negative Binomial model – 1 parameter for Poisson model).  
An estimated p-value that is less than 0.05 indicates a statistically significant 
improvement in fit by the Negative Binomial distribution.  Table 5-18 summarizes the 
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log-likelihood values, their difference, and p-values.  All of the p-values were less than 
0.05 indicating that the Negative Binomial distribution provided a statistically significant 
improvement in fit over the Poisson distribution.   
 
 
Table  5-18.  Results of Negative Binomial Test for Improvement in Fit Over Poisson 
for Streambed and Water Column Cryptosporidium Densities From Binning Method 
parameter 
Water 
Column Sediment
Sediment 
Equivalent 
LnL Neg. Binomial 16.45594 26.06597 23.95018 
LnL Poisson 58.35551 53.44795 35.84879 
delta -lnL(p) 41.89957 27.38199 11.89861 
pvalue 9.61E-11 1.67E-07 0.000562 
Improvement in fit? YES YES YES 
 
 
Though statistical testing indicated that the Negative Binomial model provided a 
statistically significant improvement in fit over the Poisson model, it could not be 
determined if the Negative Binomial was a statistically acceptable model for the observed 
data.  The log-likelihood ratio test was performed in order to determine if there was a 
statistically acceptable fit of the Negative Binomial model to the occurrence data and to 
reconfirm using another method if the Negative Binomial model provides a statistically 
significant improvement in fit.   This method compares the observed and predicted 
frequency of observations based on the sample size (Stuart, 1987) and avoids the 
limitations of binning.  Table 5-19 provides an example of the calculation of the log-
likelihood values to test the fit of the negative binomial model to the distribution of 
Cryptosporidium oocysts in sediment.  As shown, the sum of the log likelihood ratio 
value would then approximate the chi-square value (Stuart, 1987).  The p-value is then 
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determined for 8 degrees of freedom (10 counts – 2 parameters = 8 dof).  As shown in 
Table 5-20, the results of the log-likelihood ratio test clearly indicate that the negative 
binomial model provides a statistically significant fit for the distribution of 
Cryptosporidium oocysts in sediment and the water column.   
 
Table  5-19.  Log Likelihood Ratio Test Example For Negative Binomial Model Fit 
To Sediment Distribution of Cryptosporidium Oocysts 
# of 
samples 
with X 
oocysts 
oocysts 
counted 
Observed # 
samples 
observed 
proportion
predict 
frequency
expected # 
samples Ratio 
Log 
likelihood 
ratio 
f X f f/n p hat f hat f / f hat fln(f/fhat)
15 0 15 0.68181818 0.71127472 15.6480438 0.95858627 -0.6344357
5 1 5 0.22727273 0.10369328 2.28125213 2.19177878 3.92356721
0 2 0 0 0.05102259 1.12249701 0 0 
1 3 1 0.04545455 0.03111509 0.68453194 1.46085221 0.37901997
0 4 0 0 0.02086908 0.45911979 0 0 
0 5 0 0 0.01479617 0.32551579 0 0 
0 6 0 0 0.01089209 0.23962598 0 0 
0 7 0 0 0.00824556 0.18140224 0 0 
0 8 0 0 0.00638263 0.14041776 0 0 
1 9 1 0.04545455 0.00503342 0.11073513 9.03055776 2.20061413
 LnL (sum) 5.86876562
 pvalue 0.66192934
Note: N = 22 samples for this example 
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Table  5-20.  Summary of Best Fit Parameters for Negative Binomial Model Using 
the Likelihood Ratio Goodness of Fit Test for Observed Cryptosporidium Densities 
in Streambed Sediment and Water Column 
Parameter 
Water 
Column Sediment
Sediment 
Equivalent 
N 10 22 22 
# BINS 23 10 10 
d.o.f. 21 8 8 
µ (oocysts/L or 
oocysts/g) 0.372035 0.062206 0.486666 
k 0.107629 0.174688 0.291737 
LnL  7.22 5.87 5.13 
p-value* 0.89 0.66 0.74 
Fit? Yes Yes Yes 
* p-value calculated based on LnL results for likelihood ratio test based on MLE Method 
best fit parameters.    
 
 
 
In order to confirm that the statistically significant improvement in fit of the Negative 
Binomial Model over the Poisson model that was observed using the maximum 
likelihood method was valid, the likelihood ratio test was also repeated using the Poisson 
model and the results are summarized in table 5-21.  As shown, the Poisson model 
appears to statistically fit the distribution of oocysts in streambed sediments.  This is 
different than the statistical fit observed using the binning method.   
 
Once the log-likelihood values are calculated the statistical improvement in fit that the 
Negative Binomial distribution provides over the Poisson distribution was calculated by 
subtracting the log-likelihood values calculated for the Negative Binomial and Poisson 
distributions and calculating a p-value for 1 degree of freedom (2 parameters for 
Negative Binomial model – 1 parameter for Poisson model).  An estimated p-value that is 
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less than 0.05 indicates a statistically significant improvement in fit by the Negative 
Binomial distribution.  Table 5-22 summarizes the log-likelihood values, their difference, 
and p-values.  The p-values were less than 0.05 proving that the Negative Binomial 
distribution provided a statistically significant improvement in fit over the Poisson 
distribution for oocysts in the water column.  However, the p-values were greater than 
0.05 for sediment and the converted equivalent sediment volume and suggests that the 
Negative Binomial model does not provide a statistical improvement in fit over the 
Poisson Model for oocysts in sediment. 
 
 
 
Table  5-21.  Summary of Best Fit Parameters for Poisson Model Using the 
Likelihood Ratio Goodness of Fit Test for Observed Cryptosporidium Densities in 
Streambed Sediment and Water Column 
Parameter 
Water 
Column Sediment
Sediment 
Equivalent 
N 10 22 22 
# BINS 23 10 10 
d.o.f. 22 9 9 
µ (oocysts/L or 
oocysts/g) 0.022719 0.411111 0.429564 
LnL  47.03 3.85 8.89 
p-value* 0.002 0.92 0.45 
Fit? No Yes Yes 
* p-value calculated based on LnL results for likelihood ratio test based on MLE Method 
best fit parameters.    
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Table  5-22.  Results of Negative Binomial Test for Improvement in Fit Over Poisson 
for Streambed and Water Column Cryptosporidium Densities Using the Likelihood 
Ratio Test Method 
parameter 
Water 
Column Sediment 
Sediment 
Equivalent 
LnL Neg. 
Binomial 7.23 5.87 5.13 
LnL Poisson 47.03 3.85 8.89 
delta -lnL(p) 39.81 2.02 3.76 
pvalue 2.80E-10 0.155 0.053 
Improvement in 
fit YES NO NO 
 
 
 
An alternative graphical examination of the appearance of the Poisson and Negative 
Binomial models was conducted due to the observed discrepancies between the statistical 
fits and improvements in fit of the Negative Binomial Model over the Poisson Model that 
were observed using the binning and Log-likelihood ratio methods.   A visual comparison 
of the cumulative distribution function of the fraction of samples with less than or equal 
to X oocysts for the observed data, Poisson model, and Negative Binomial model is 
shown in Figures 5-16 and 5-17 for Cryptosporidium in the water column and streambed 
sediments.  It can be observed visually that the Negative Binomial appears to fit the 
cumulative frequency distribution of Cryptosporidium in water column, but the Poisson 
model appears to fit the cumulative frequency distribution of Cryptosporidium in the 
streambed sediments better.  Based on visual comparison and that the log-likelihood ratio 
method is a  more powerful, but less robust test of fit than the binning method, the log-
likelihood ratio results were considered the appropriate descriptions of Cryptosporidium 
oocyst distribution.  Therefore, the distribution of Cryptosporidium oocysts in sediments 
and the water column can be described using the Poisson model and Negative Binomial 
models respectively. 
  
136
 
The appearance of different distribution models for the occurrence of Cryptosporidium in 
streambed sediments and the water column suggests that mechanisms that affect the 
distribution of Cryptosporidium in the overlying waters are different than the 
mechanisms influencing distribution of the Cryptosporidium in the overlying waters.  
This observation would further support the hypothesis that streambed sediments serve as 
a reservoir of Cryptosporidium oocysts. 
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Figure  5-16.  Histogram Comparison of Negative Binomial and Poisson Models To 
Observed Data To Model Cryptosporidium Distribution in Streambed Sediments 
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Figure  5-17.  Histogram Comparison of Negative Binomial and Poisson Models To 
Observed Data To Model Cryptosporidium Distribution in The Water Column 
 
 
Given the distribution of Cryptosporidium oocysts in the sediment and the water column 
can be statistically described using the Negative Binomial distribution, a final test was 
performed to compare the amount of “clumping” or variability of oocysts in the two 
matrices.  The mean of the Negative Binomial distribution (µ) and the variance is 1+ µ /k.  
The variance of the Poisson distribution is identical to the mean (µ) (Haas and Heller, 
1990).  The greater the ratio of the variance to the mean suggests greater clumping and 
variability in the distribution of oocysts in a given matrix.  As shown in Table 5-23, the 
ratio of the variance to the mean in the water column (11.98) was almost 12 times greater 
than that computed for the sediment (1.0).  This suggests that oocysts are distributed with 
greater variability in the water column than in the sediment.  If sediment served as a short 
term reservoir of Cryptosporidium oocysts, it should exhibit lesser variability than the 
water column and have more stable concentrations present.  Therefore, these observations 
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confirm part of the criteria discussed in the hypothesis that sediment will serve as a 
reservoir of Cryptosporidium oocysts. 
 
 
 
Table  5-23.  Comparison of Variability of Cryptosporidium In Sediment and The 
Water Column 
Matrix µ k Variance 
ratio 
variance/mean 
Sediment 0.411111 N/A* 0.411111 1 
Water 
Column 0.372035 0.107629 4.456626 11.98 
* Sediment was fitted to the Poisson distribution and does not have a k value.  
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5.9   Correlations with Physical and Chemical Parameters in Sediments 
 
 
Statistical tests were performed to determine if any correlations existed between 
concentrations of Cryptosporidium in the sediment and sediment quality, water quality, 
field measurements, or sediment sieve analysis results.  If a correlation was detected, any 
statistical relationship could ultimately provide insight into the mechanisms impacting 
Cryptosporidium trapping in sediment and potential indicators to aid in reducing burdens 
on environmental sampling programs.  Also, if correlations between Cryptosporidium 
concentrations in sediment and the water column were observed, sampling programs 
could potentially be altered to reduce sampling and analysis burdens to characterize their 
source waters. 
 
A two-step approach to identifying statistical correlations of such a large number of 
parameters was used.  The first step used the Spearman rank correlation test was used to 
screen potential parameters for detailed testing.  Spearman Rank Testing was conducted 
using STATISTICA Version 6.1.  Any parameter that exhibited an absolute Spearman R 
value greater than 0.30 was considered a potential candidate for further analysis in the 
second step.  The second and more detailed statistical step involved employing regression 
models and the maximum likelihood approach as described by Haas and Jacangelo 
(1993).  The method includes the use of below detection data in the regression model 
approach. 
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The Spearman Rank Correlation Test identified the several potential candidate 
parameters for correlations between Cryptosporidium densities in sediment and water as 
shown in Tables 5-24 and 5-25.  Of the 39 parameters that were tested, only 23 
parameters provided any potential for correlation with Cryptosporidium concentrations 
observed in the sediment.  Of the 23 potential candidate parameters, six parameters 
observed statistically significant correlations (p<0.05).  The Spearman Rank Test 
indicated that levels of total manganese, dissolved manganese, and ammonia in the water 
column statistically correlated with Cryptosporidium concentrations in the streambed 
sediment.  None of the sediment characteristics correlated with Cryptosporidium 
concentrations in the streambed sediment.  The Spearman Rank Test indicated that levels 
of conductivity and temperature in the water column and chloride levels in the sediment 
statistically correlated with Cryptosporidium concentrations in the water column.  
Temperature, ammonia, and conductivity may have the potential to provide quick and 
easy indicators of Cryptosporidium levels in the water column and could provide useful 
in a strategically designed monitoring program.  However, caution must be exercised 
because this may also be indicative of seasonal effects and not a true relationship. 
 
 
 
 
 
 
 
  
141
 
 
Table  5-24.  Summary of Observed Correlations Between Water Column 
Characteristics and Cryptosporidium Concentrations in the Water Column and 
Streambed Sediments 
Parameter 
Cryptosporidium 
matrix 
N Spearman 
R 
p-level 
NH3 sediment 9 0.916515 0.000510 
Mn sediment 10 -0.700389 0.024094 
Mn Diss. sediment 10 -0.700389 0.024094 
Temp (deg. C) water 10 -0.678557 0.030994 
conductivity water 10 -0.678557 0.030994 
NH3 water 9 0.662733 0.051732 
DO (mg/L) water 10 0.603990 0.064426 
Flow water 10 0.540164 0.106994 
Turbidity water 9 0.502079 0.168415 
% DO 
Saturation sediment 10 -0.471951 0.168458 
PO4 water 10 -0.439943 0.203257 
Crypto/L sediment 10 0.389761 0.265541 
Crypto/g water 10 0.389761 0.265541 
Mn water 10 -0.353899 0.315736 
Temp (deg. C) sediment 10 -0.329719 0.352169 
 
NOTE: Bolded parameters provided statistically significant correlations.  All other parameters only 
exhibited Spearman R values of greater than 0.3, but not statistically significant correlations at the p<0.05 
significance level. 
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Table  5-25.  Summary of Observed Correlations Between Sediment Characteristics 
and Cryptosporidium Concentrations in the Water Column and Streambed 
Sediments 
Parameter 
Cryptosporidium 
matrix 
N Spearman 
R 
p-level 
Cl water 10 0.633817 0.049095 
NO3 sediment 9 -0.626680 0.070915 
Al sediment 10 0.562462 0.090542 
NH3 sediment 10 0.560311 0.092054 
SO4 water 10 0.544337 0.103782 
Flow water 10 0.540164 0.106994 
% VS sediment 10 0.536602 0.109784 
% Sand sediment 10 -0.497811 0.143142 
% Gravel sediment 10 0.453933 0.187574 
Fecal coliform sediment 10 0.446091 0.196276 
Cl sediment 10 0.433160 0.211126 
Mn sediment 10 0.420230 0.226603 
SO4 sediment 10 0.407300 0.242706 
% VS water 10 0.395203 0.258334 
PO4 water 7 0.489979 0.264330 
Crypto/L sediment 10 0.389761 0.265541 
Crypto/g water 10 0.389761 0.265541 
% Fines sediment 10 0.363147 0.302347 
% TS sediment 10 -0.355580 0.313280 
Fe water 10 0.335550 0.343196 
NOTE: Bolded parameters provided statistically significant correlations.  All other parameters only 
exhibited Spearman R values of greater than 0.3, but not statistically significant correlations at the p<0.05 
significance level. 
 
 
Further testing was conducted for the potential candidate parameters using the MLE 
regression model approach previously described.  A comparison of the fit in the presence 
and absence of a model was described by minimizing the negative log likelihood value.  
The difference between the two scenarios is compared to the chi statistic for one degree 
of freedom (number of coefficients – 1) to determine the significance of fit.  A p-
value<0.05 indicates a statistically significant improvement in fit and indicates that the 
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correlating parameter could be used to accurately and precisely predict the other.  
Detailed data and regression calculations are provided in Appendix F. 
Using the regression approach, none of the candidate parameters exhibited statistically 
significant correlations.  Therefore, the data in this study do not provide usable 
relationships between Cryptosporidium concentrations and other water quality parameters 
in streambed sediment or the water column. 
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6. THE SIGNIFICANCE OF STREAMBED SEDIMENTS AS A RESERVOIR 
OF CRYPTOSPORIDIUM AND ITS IMPLICATIONS FOR WATERSHED 
MANAGEMENT AND PUBLIC HEALTH 
 
 
 
Watershed management and public health protection for Cryptosporidium requires the 
ability to understand and quantify the sources of Cryptosporidium, its fate and transport, 
and the mechanisms (physical, natural, and man-made) that influence these processes to 
determine public exposure.  Current and past studies have focused on characterizing land 
based or discharge sources, overland flow and transport, survival, and distributions in 
surface waters.  However, these studies have not attempted to explain the fate and 
transport of Cryptosporidium between the point it enters the water body to where it is 
detected in the water column.  In fact, the examination of sediment as a sink or source has 
not been examined for Cryptosporidium as it has for other contaminants.  Only a few 
studies have attempted to examine portions of this aspect.  For example, though some 
studies indicate that oocysts may be free and unattached to particulates from overland 
flow upon entering the stream, new bedform studies (Packman et al. 2003a&b), suggest 
that oocysts free in the water column can become trapped or entrained in the streambed 
via bed form entrapment.  Other studies anecdotally examined oocyst concentrations in 
sediment downstream of wastewater plants and have found high concentrations in the 
sediment 0.2 miles downstream from a wastewater discharge (Gracyk and Grace, 2003).  
Further downstream oocysts were not detected.  Though this evidence exists it has not 
been extrapolated into implications for public health impacts during periods of 
resuspension that occur at swimming beaches which have been linked to increased 
bacteria concentrations due to bed resuspension during recreation (Crabhill, 1999). 
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Current literature and Cryptosporidium research has not provided adequate data or 
attention to the potential linkage of dry weather discharges to wet weather concentrations 
due to resuspension of sediment contaminated during dry weather source discharges.  
This prevents managers and officials from having the complete perspective when 
prioritizing sources.  In this case, it would be prudent to explore the indirect impact that 
addressing (reduction or inactivation) of point sources would not only have directly on 
dry weather concentrations of Cryptosporidium in the water column, but during wet 
weather periods.  The following sections explore these potential impacts by sediment 
resuspension on recreational swimming exposure in standing water bodies and the overall 
Cryptosporidium flux in the Wissahickon Creek Watershed during wet weather events. 
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6.1 Estimating Burdens and Fluxes of Cryptosporidium Carried by Streambed Sediments 
 
The methods by which Cryptosporidium burdens, fluxes, or loads are calculated and 
estimated for this study have considerable impacts on the overall conclusions and 
findings.  Therefore, it is imperative that all assumptions and calculation methods be 
provided to the reader for their appropriate evaluation of the final results.  For the 
purposes of this section, the Cryptosporidium burden and flux estimates generated by the 
water column and the streambed sediment were determined for two scenarios.   First, the 
Cryptosporidium burden carried in the overlying volume of water was compared to that 
of various sediment depths as if it was suddenly resuspended into the water column.  This 
would simulate a scenario of potential impacts on recreational swimming exposure in a 
standing water body such as a lake or swimming beach if sediment with similar 
contamination was disturbed during recreation.  Second, the potential Cryptosporidium 
flux by sediment resuspension during wet weather periods was estimated and compared 
to the total Cryptosporidium flux for the Wissahickon Creek. 
 
6.1.1 Instantaneous Cryptosporidium Burden Estimates 
 
As shown in Figure 6-1, the burden of the water column for the study area involves 
calculating the volume of water above the study area streambed and multiplying it by a 
chosen Cryptosporidium concentration Cwc.  Estimation of the water column flux for the 
study area was computed using Equation 6-1. 
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Figure  6-1.  Schematic of Streambed Study Area For Burden and Flux Calculations 
 
 
Equation  6-1.  Water Column Cryptosporidium Burden of Study Area ( # of oocysts)    
 
WCinst= L * W * Davg * Cwc * 28.32 
 
Where: 
WCinst=  Cryptosporidium Burden of The Water Column ( # oocysts) 
L = length of study area (ft) 
W = width of study area (ft) 
Davg = average water depth (ft) 
Cwc = water column concentration used:  average, MLE average, max or min (in # 
oocysts/ft3) 
28.32 = conversion from ft3 to Liters 
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The estimation of the Cryptosporidium burden for the study area required determining a 
sediment volume that would be resuspended and then converting it to the proper sediment 
mass such that the sediment concentrations (oocysts/g) could be converted to 
instantaneous or annual loads.  This required the assumption that the streambed 
sediments (since they were classified as well graded or poorly graded sands) had the 
same specific gravity of sand (2.65) and therefore unit weight (2.65 * 62.4 lbs/ft3 = 
165.36 lbs/ft3).  By multiplying the volume of sediment by its unit weight a mass of 
sediment was estimated.  Once the mass of sediment was calculated and converted from 
lbs to grams (1 lbm = 454 g), conversion to a burden required multiplying the mass of 
sediment by the selected sediment concentration. 
 
Equation  6-2.  Sediment Cryptosporidium Burden of Study Area Streambed 
(oocysts)  
 
SEDinst= L * W * Dsed  * Csed * 2.65 * 62.4 lbs/ft3   * 454 g/lbm 
 
Where: 
SEDinst= Sediment Burden of Cryptosporidium for the study area (# oocysts) 
L = length of study area (ft) 
W = width of study area (ft) 
Dsed = depth of sediment resuspended (ft): Range of 0.083 to 0.25 ft used for exercise 
Csed = sediment concentration of Cryptosporidium used:  average, MLE average, max or 
min (in oocysts/g) 
75005.64 = conversion of sediment mass to volume equivalent, by 2.65 * 62.4 lbs/ft3   * 
454 g/lbm 
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6.1.2 Cryptosporidium Flux Calculations 
 
In order to determine the significance of sediment resuspension to impact the 
Cryptosporidium load carried by the water column in the Wissahickon Creek a 
Cryptosporidium budget was developed.  Figure 6-2 below describes the various potential 
oocysts enter or exit the water column. 
 
There are three ways oocysts occur in the water column and nine vectors through which it 
can enter, remain, or leave.  The oocyst can be attached to fine particulate materials, 
attached to organic materials, or it can be free and unattached.  Fine particulate material 
attachment includes attachment to flocs of clays, silts, sands.  Organic material 
attachment can include wastewater discharge floc (Medema et al., 1998), 
animal/livestock waste, raw sewage, or algal material.  Oocysts can then enter the 
sediment by settling or sorption of its attached materials to the streambed or a free oocyst 
can become embedded in the stream bedforms.  The oocyst can then exit the sediment 
and return to the water column through release from stream bedforms or resuspension of 
attached materials during periods of elevated velocities that create movement and 
resuspension of streambed sediments.   
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Figure  6-2.  Budget of Cryptosporidium Flux in A Discrete Section of Stream 
 
 
In the Wissahickon Creek a thick layer of periphyton and algal mattes attached to the 
streambed exist throughout most of the stream during the spring, summer, and fall.  
These mattes could be filtering or adsorbing oocysts as well, so these mechanisms are 
included as attached to organic particles. 
 
Multiplying the concentration of oocysts in a given vector by the flowrate or mass of 
sediment delivered in each section of the stream, the flux of oocysts from each vector 
(W) can be expressed in the mass balance equation: 
 
Equation  6-3.  Wtotal = Wwcattfine + Wwcattorg + Wwcfree + (Wrelfinesed + Wrelorgsed + 
Wrelembed) - Wembed - Wsetlfine - Wsetlorg 
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Since there is currently no way to identify which oocysts are attached to particulate or 
organic materials or which are free flowing, the formula can be simplified to include only 
three major terms: a) the flux of free unattached oocysts, b) oocysts that are delivered to 
the water column from the streambed sediment, and c) oocysts that are removed from the 
water column due to settling and bedform exchange.  Terms Wwcattfine, Wwcattorg, and 
Wwcfree from equation 6-3 can be combined into Wwc that describes the flux of oocysts in 
the water column entering the section.  Terms Wrelfinesed, Wrelorgsed, and Wrelembed can be 
combined into Wsedreleased as the flux of oocysts delivered by sediment resuspension.  
Terms Wembed, Wsetlfine, Wsetlorg can be combined into Wsink to describe the flux of oocysts 
lost to the streambed settlement due to settling and bedform exchange.  Under wet 
weather conditions, Wsink will be considered to be zero because flow velocities should 
prevent settling and embedding.  Through substitution and elimination of  Wsink  under 
wet weather conditions the equation for oocyst flux becomes: 
 
Equation  6-4.  Wtotal =   Wwc + Wsedreleased 
 
The total annual Cryptosporidium load for the Wissahickon Creek was estimated from 
the observed water concentrations and flows based on this and previous studies.  The flux 
of oocysts released by the sediment is a function of the sediment resuspended during wet 
weather periods.  An estimate of the sediment flux delivered by the Wissahickon Creek 
was estimated and is described in detail in later sections.  The mean concentration of 
Cryptosporidium identified in the sediment multiplied by the estimated sediment flux 
creates an estimated Cryptosporidium flux by sediment resuspension.  The total 
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Cryptosporidium flux from sediment resuspension was then divided by the total 
Cryptosporidium flux for the section and the watershed to provide an estimate of how 
much Cryptosporidium flux results from sediment resuspension. It provides a measure of 
how much sediment resuspension impacts the total load. 
 
6.1.3 Sediment Flux Calculations 
 
To estimate the sediment load for the Wissahickon Creek, the creek was divided into 
subwatersheds and segments within which the streambed slope and other physical 
characteristics did not change significantly and where cross section data were available.  
Table 6-1 provides a summary of the physical characteristics of the stream that were used 
for the sediment flux calculations.  The locations of these sections are shown in Figure 6-
3.  Detailed cross section, slope, and streambed characteristic information used in the 
calculations and estimates are also provided in the figure. 
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Table  6-1.  Summary of Model Segments In the Wissahickon Creek Used for 
Sediment Transport Estimates 
 Distance from mouth (km)     
Segment 
Number 
Upstream 
end 
Downstream 
end 
Point sources Cross section 
number 
Slope (%) Adjusted 
Roughness 
Coefficient
1 19.35 17.35 North Wales / 
Upper 
Gwynedd STP
6 0.03 0.2 
2 17.35 15.06  8 0.406 0.28 
3 15.06 12.92 Ambler STP 10 0.411 0.25 
4 12.92 11.63  11 0.113 0.1 
5 11.63 9.88  12 0.0968 0.1 
6 9.88 7.43  15 0.081 0.1 
7 7.43 3.83  17 0.233 0.14 
8 3.83 1.37  19 0.252 0.2 
9 1.37 0  20 0.456 0.22 
10 4.44 1.24  C3 (SR3) 0.367 0.08 
11 1.24 0 Abbington 
STP 
C4 (SR4) 0.265 0.06 
12 0.79 0 Upper Dublin 
STP 
D2 (PR3) 0.235 0.06 
Data source:  NIER, 2000 
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Figure  6-3.  Location of Cross Sections and Stream Segments Used in Sediment Flux 
Estimates (Source: NIER, 2000)
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Channel cross-sections were surveyed at twenty-two stations on the mainstem and 
seventeen stations on tributaries during July 1998.  The approximate bank full channel 
geometry of the Wissahickon Creek is illustrated in Figure 6-4 and detailed cross sections 
are provided in Figures 6-5 and 6-6. The upstream-most cross-section (at km 38.2) was 
13.6 meters wide. Near the mouth (at km 0.1), the channel was 28.2 meters wide. The 
maximum cross-section width was 38 m at kilometer 8.2. 
 
The longitudinal elevation profile of the Wissahickon Creek mainstem is slightly 
concave upward with the steepest slope in the headwater region (Figure 6-7). The average 
slope is 0.006. Average channel slopes measured along 90 to 180 meter reaches of  the 
stream ranged from 0.0008 to 0.017 (NIER 1999). 
 
Figure 6-8 shows the particle size distributions in streambed sediment measured at 21 
stations between the headwaters and mouth of the creek. In the upper 15 kilometers, 
sediments are primarily gravel and cobbles. Silt and sand, in addition to gravel and 
cobbles, form a significant component of streambed sediment in the lower 20 kilometers. 
Boulders also form a significant component of sediments within 7 kilometers of the 
mouth. 
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Figure  6-4  Channel Cross-Section Geometry Of The Wissahickon Creek. Cross-
Sections Were Measured Between The Approximate Bank-Full Elevation.  Source 
(NIER, 1999) 
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Figure  6-5.  Detailed Stream Cross Sections For The Upper Portions of The 
Wissahickon Creek Watershed.  Source (NIER, 2000) 
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Figure  6-6.  Detailed Cross Sections For The Lower Portions of The Wissahickon 
Creek Watershed Source. (NIER, 2000) 
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Figure  6-7.  A Longitudinal Profile Of Wissahickon Creek And Channel Gradients 
Measured Along 90 To 190 Meter Reaches At Selected Points Along The Stream.  
(Source: NIER, 1999) 
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Figure  6-8.  The Particle Size Distributions In Streambed Sediments At Select 
Locations From The Headwaters To The Mouth Of The Wissahickon Creek. 
(Source: NIER, 1999) 
 
Only two USGS streamflow gages provide flow record after 1981: station 1474000 at the 
mouth, and station 1473900 at Fort Washington. Since urbanization of the watershed is 
believed to cause impairments relating to flow variability and baseflow diminution, up-
to-date streamflow records are crucial to the analysis of streamflow variability and 
distribution throughout the Wissahickon Creek. This leaves a majority of the 
Wissahickon Creek and its tributaries unaccounted for in historical streamflow record. In 
general practice, flows at ungaged locations of a stream are often estimated using 
streamflow records at other locations in close proximity as long as similar characteristics 
are observed.  The streamflow record at the gaged location is normalized by dividing the 
flows by the contributing drainage area, resulting in a flow per unit area. To estimate 
flows at a different location, the drainage area at that location is multiplied by the 
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normalized flow/area record for the nearest observed flow. This method assumes a 1:1 
ratio of flow to drainage area between different sites. To check this assumption, gages 
1474000 and 1473900 flow records were divided by their respective drainage areas, and a 
regression analysis performed on the resulting flow/area records.  Figure 6-9 shows the 
result of the regression analysis which indicates a strong correlation between datasets. 
Therefore, simply adjusting the flow record by the difference in drainage areas and 
deducting point source contributions may be sufficient in estimating flows at ungaged 
locations of the Wissahickon Creek. 
 
 
 
Figure  6-9.  Correlations Between Gauged Flow And Drainage Area In The 
Wissahickon Creek (Source: Dr. Richard Weggel, Drexel University, 2004) 
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Given a flow estimate for each segment, the stream velocity, shear velocity, and shear 
stress were calculated.  The total sediment flux within any section could then be 
estimated using Yang’s stream power method (Yang, 1996) for a range of discharges and 
the change in transport.   
 
Yang’s stream power approach (Yang, 1996) was used to estimate the total sand 
concentration by weight that would be transported by the Wissahickon Creek under 
various flow conditions.  The unit stream power approach utilizes the velocity-slope 
product to express the rate of work being done by a unit weight of water in transporting 
sediment.  This must be directly related to the rate of work available to a unit weight of 
water.  Thus, total sediment must be directly related to unit stream power.  The total sand 
concentration for streams higher than 100 mg/L during certain flow conditions is 
determined from: 
 
Equation  6-5.  Log Cts = 5.165 – 0.153 log (ωd/υ) – 0.297 (U*/ω) +    
   [ 1.780 – 0.360 log (ωd/υ) – 0.480 log(U*/ω)] log VS/ω 
 
Where Cts = total sand concentration in ppm by weight 
ω = fall velocity of sediment (determined using Rubey’s equation) 
d = median particle diameter 
υ = kinematic viscosity 
U* = shear velocity 
V = stream velocity 
S = streambed slope 
 
The stream power approach provides the sediment transport estimate in terms of mg/L of 
sediment and therefore it must be translated to flux rate.  The product of the flowrate 
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under a given wet weather condition (in L/s) and the sediment (in mg/L) provides the 
total sediment flux from that section for a given flow frequency (in mg/s).  If each section 
is eroding, the individual section sediment fluxes are then summed to determine an 
overall annual total resuspended sediment flux for the entire Wissahickon Creek. 
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6.2 Estimated Sediment Resuspension Impacts 
 
 
As mentioned in earlier sections, the burden of the study area and fluxes of 
Cryptosporidium in the water column and in resuspended sediment were compared to 
determine the potential contribution of sediment to the overall flux of Cryptosporidium in 
the watershed.  These comparisons were performed in order to determine if the observed 
sediment concentrations could produce a substantial impact on water column 
concentrations under various scenarios.  The determining factors for comparison of flux 
are the volume or mass that is carried by each medium and their respective 
concentrations.  By comparing the burden and fluxes generated by the two media under 
various conditions, it provides a common scale for the watershed manager or public 
health official to determine the significance of the source, mechanism, and/or condition. 
 
The comparison of Cryptosporidium burdens of the study area served as the screening 
test to determine the plausibility and potential significance of sediment as a reservoir of 
Cryptosporidium.  If, under the simplest conditions, the burden of the streambed 
sediment layers of varying depths was instantly resupended into a discrete body of water 
was considerably greater than the burden estimated in the water column, then 
investigation of sediment resuspension impacts during wet weather periods are 
warranted. 
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6.2.1 Instantaneous Sediment Resuspension Impacts On Cryptosporidium 
Concentrations 
 
A simulation of the instantaneous resupension of sediments in a swimming beach or 
recreational area was conducted to understand the potential impacts of instantaneous 
resuspension of sediment on water column concentrations of Cryptosporidium.  In this 
simulation the following criteria were used: 
• The swimming area was a standing body of water with the same dimensions 
(depth, width, length) as the study area 
• The concentrations of Cryptosporidium in the sediment and water column were 
similar to those in the study area. 
• Swimming, wading, and other recreational activity would resuspend all 
Cryptosporidium from the sediment into the water column instantaneously. 
Tables 6-2 and 6-3 show, using the average water depth in the study area, the burden of 
resuspended sediment comprised a significant portion of the total Cryptosporidium 
burden regardless of the sediment depth resuspended.  In fact, the Cryptosporidium 
burden due to sediment resuspension of one to two inches of sediment ranged from 4.7 to 
52.2 times more than the burden in the overlying water column.  Figure 6-10 depicts this 
relationship and shows a strong logarithmic correlation between the depth of sediment 
and the percentage of the total Cryptosporidium burden resulting from sediment 
resuspension using the maximum likelihood estimated concentration.  Even extrapolating 
to resuspension of smaller sediment layers (0.5 to 1.0 cm), the sediment would still 
comprise over 70% of the total Cryptosporidium burden.   
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Table  6-2.  Comparison of Cryptosporidium Burden Between Resuspension of 
Varying Sediment Layer Depths and The Overlying Water Column 
 Sediment Resuspension Burden (oocysts) Water Column Burden (oocysts)* 
sed 
depth 
(cm) 
Minimum 
Burden   
X 106 
Maximum 
Burden   
X 108 
Maximum 
Likelihood
Estimated 
Burden   
X 106 
Average 
Burden    
X 107 
Minimum 
Burden   
X 105 
Maximum 
Burden   
X 106 
Maximum 
Likelihood 
Estimated 
Burden   
X 105 
Average 
Burden   
X 105 
2.54 3.64 0.93 2.68 0.76 1.40 3.07 5.74 5.17 
5.08 72.9 1.85 5.36 1.53 1.40 3.07 5.74 5.17 
7.62 10.9 2.78 8.03 2.30 1.40 3.07 5.74 5.17 
10.16 14.6 3.70 10.7 3.06 1.40 3.07 5.74 5.17 
12.7 18.2 4.63 13.4 3.83 1.40 3.07 5.74 5.17 
15.24 21.9 5.55 16.1 4.59 1.40 3.07 5.74 5.17 
*Water column burden calculated using average water depth observed during study and 
was not varied 
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Table  6-3.  Proportions and Ratios of Total Cryptosporidium Burden Due To 
Varying Layers of Resuspended Sediment and Water Column Burden 
 
Percentage of Total Cryptosporidium 
Burden From Resuspended Sediment 
Ratio of Cryptosporidium Resuspended 
Sediment Burden to Water Column Burden
sed 
depth 
(cm) 
Minimum 
Burden 
Maximum 
Burden 
Maximum 
Likelihood 
Estimated 
Burden 
Average 
Burden 
Minimum 
Burden 
Maximum 
Burden 
Maximum 
Likelihood 
Estimated 
Burden 
Average 
Burden 
2.54 96.3% 96.8% 82.3% 93.7% 26.1 30.1 4.7 14.8 
5.08 98.1% 98.4% 90.3% 96.7% 52.2 60.2 9.3 29.6 
7.62 98.7% 98.9% 93.3% 97.8% 78.2 90.4 14.0 44.4 
10.16 99.1% 99.2% 94.9% 98.3% 104.3 120.5 18.7 59.2 
12.7 99.2% 99.3% 95.9% 98.7% 130.4 150.6 23.3 74.0 
15.24 99.4% 99.4% 96.5% 98.9% 156.5 180.7 28.0 88.8 
 
 
 
 
Figure  6-10.  Relationship Between Sediment Depth and Impact on Total 
Cryptosporidium Burden 
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Even under the most extreme and conservative conditions where the water column 
concentration was increased to represent the maximum concentration observed in past 
studies (12 oocysts/L) and the overlying water volume was increased to represent 
flooding depths (12 ft), the Cryptosporidium burden from the sediment would still make 
up at least 18% to 85% of the total Cryptosporidium burden of the study area.  Thus, 
based on simple screening estimates of Cryptosporidium burden, streambed sediment is a 
plausible and significant reservoir of oocysts. 
 
The previous results can be expressed in terms of the new water column concentration 
that would result due to resuspension of sediment at various depths in a standing body of 
water.  As shown in Figure 6-11, the water column concentrations would increase by 
more than a factor of ten from their initial state if depths of one to two inches (2.54 cm to 
5.08 cm) were instantaneously resuspended.  These increases in concentration suggest 
that sediment resuspension during recreation (swimming, boating, wading, etc.) may 
increase the exposure and risk of infection for swimmers and increase concentrations in a 
water body (reservoir or lake) used for both water supply and recreation.   
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Figure  6-11.  Water Column Concentrations of Cryptosporidium After Sediment 
Resuspension in a Standing Body of Water 
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6.2.2 Impacts of Sediment Resuspension On Cryptosporidium Flux During Wet 
Weather 
 
Previous studies by PWD have observed 10 to 100 fold increases in water column 
concentrations of Cryptosporidium during wet weather periods.  However, the 
contribution to that increase due to streambed sediment resuspension was not known.  If a 
substantial portion of the wet weather concentration increase was due to sediment 
resuspension, then watershed management strategies focusing on reducing dry weather 
sources that concentrate oocysts in the sediment and strategies to reduce streambed 
sedimentation might be used to mitigate wet weather impacts. 
 
This exercise simulated a dry weather event of significant average daily flow (Q=1,000 
cfs) to determine the maximum potential for sediment resuspension during the study 
period and the maximum potential for contribution of sediment to the total 
Cryptosporidium flux in the water column in the Wissahickon Creek.  Sections 6.1.2 and 
6.1.3 describe the methods and data used to estimate sediment and Cryptosporidium 
fluxes in various sections of the Wissahickon Creek.  Tables 6-4 and 6-5 are summaries 
of estimated velocities and relevant parameters for each stream section.  Tables 6-6 and 
6-7 are summaries of the calculated terms of Yang’s stream power equation for each 
stream section and the resulting sediment transport.  Tables 6-8 and 6-9 are summaries of 
the estimated Cryptosporidium flux for each section from streambed resuspension and the 
portion of the total Cryptosporidium flux it represents.   
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Using Yang’s stream power approach, the estimated sediment transport rate would 
produce at most only 5.7 mg/L of sand in the water column, which results in a negligible 
Cryptosporidium flux from sediment resuspension even under high flow conditions.  
However, previous monitoring of TSS has observed maximum concentrations of 751 
mg/L during wet weather events and an average TSS of 155 mg/L at average flow 
conditions.  Therefore, the stream power approach does not adequately simulate sediment 
transport for this watershed. 
 
 
Table  6-4.  Stream Segment Information For Sediment Transport Estimates 
Segment 
Number 
Stream Upstream 
end 
Downstream 
end 
1 Wissahickon 19.35 17.35 
2 Wissahickon 17.35 15.06 
3 Wissahickon 15.06 12.92 
4 Wissahickon 12.92 11.63 
5 Wissahickon 11.63 9.88 
6 Wissahickon 9.88 7.43 
7 Wissahickon 7.43 3.83 
8 Wissahickon 3.83 1.37 
9 Wissahickon 1.37 0 
10 Sandy Run 4.44 1.24 
11 Sandy Run 1.24 0 
12 Pine Run 0.79 0 
Source (NIER, 2000) 
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Table  6-5.  Stream Physical Parameters and Conditions For Sediment Transport 
Estimates 
ft2 km  mi2 ft3/s ft/s ft/s ft ft2/s  
Cross 
sect. 
area - Ax 
Segment 
length 
L 
Drainage 
Area 
Ad 
Segment 
flow  
Qs 
Stream 
Velocity 
V 
Fall 
velocity 
ω 
diameter 
d50 
Kin. Visc. 
@ 15 °C 
υ  
1552 2 5 78.125 0.05033 0.3298 0.00328 141000 
572 2.29 10 156.25 0.27316 0.3298 0.00328 141000 
425.6 2.14 28 437.5 1.02796 0.3298 0.00328 141000 
384 1.29 30 468.75 1.22070 0.3298 0.00328 141000 
280 1.75 35 546.875 1.95312 0.3298 0.00328 141000 
624 2.45 40.8 637.5 1.02163 0.3298 0.00328 141000 
114 3.6 53.6 837.5 7.34649 0.3298 0.00328 141000 
1200 2.46 59.2 925 0.77083 0.3298 0.00328 141000 
600 1.37 64 1000 1.66666 0.3298 0.00328 141000 
174 3.2 5 78.125 0.44899 0.3298 0.00328 141000 
164.5 1.24 12.8 200 1.21580 0.3298 0.00328 141000 
165 0.79 1 15.625 0.09469 0.3298 0.00328 141000 
 
 
Table  6-6.  Calculated Parameters for Yang’s Stream Power Equation 
 lb/ft2 ft/s ft/s       
Segment 
Number 
shear 
stress - τ Shear vel. - U* VS ω d50/ υ U*/ ω VS/ ω 
1 30.0 3.9 0.000 0.000 11.913 0.000 
2 164.7 9.2 0.001 0.000 27.933 0.003 
3 143.6 8.6 0.004 0.000 26.087 0.013 
4 28.2 3.8 0.001 0.000 11.560 0.004 
5 24.2 3.5 0.002 0.000 10.700 0.006 
6 40.4 4.6 0.001 0.000 13.842 0.003 
7 43.6 4.7 0.017 0.000 14.376 0.052 
8 188.7 9.9 0.002 0.000 29.901 0.006 
9 170.7 9.4 0.008 0.000 28.442 0.023 
10 132.8 8.3 0.002 0.000 25.087 0.005 
11 57.9 5.5 0.003 0.000 16.560 0.010 
12 73.3 6.1 0.000 0.000 18.639 0.001 
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Table  6-7.  Estimated Sediment Transport For Stream Segments 
 mg/L  mg/L   mg/L cm/s  
Segment 
Number log Cts Cts erosion (Qin-Qout) Depth eroded 
1 -12.07 8.47E-13   0.00E+00 
2 -3.93 1.16E-04 1.16E-04 3.16E-13 
3 -1.62 2.37E-02 2.36E-02 2.23E-10 
4 -3.88 1.32E-04 -2.36E-02 -3.13E-10 
5 -3.33 4.67E-04 3.35E-04 5.24E-12 
6 -4.73 1.85E-05 -4.49E-04 -5.25E-12 
7 0.74 5.45E+00 5.45E+00 1.17E-07 
8 -2.94 1.16E-03 -5.45E+00 -7.18E-08 
9 -0.58 2.63E-01 2.61E-01 6.69E-09 
10 -3.28 5.21E-04 -2.62E-01 -7.47E-10 
11 -2.23 5.89E-03 5.37E-03 6.46E-11 
12 -6.94 1.14E-07 -5.89E-03 -1.24E-11 
 sum 5.74E+00 1.14E-07 5.10E-08 
 
 
Table  6-8. Estimated Total and Sediment Cryptosporidium Flux 
Sediment Cryptosporidium Flux (oocysts/s) 
Total Water Column Cryptosporidium flux [water 
column + sediment flux] (oocysts/s) 
min max MLE avg min max MLE avg 
0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.21E+02 4.87E+03 9.10E+02 8.19E+02 
1.59E-05 4.04E-04 1.17E-05 3.34E-05 4.43E+02 9.74E+03 1.82E+03 1.64E+03 
9.04E-03 2.30E-01 6.65E-03 1.90E-02 1.24E+03 2.73E+04 5.09E+03 4.58E+03 
-9.68E-03 -2.46E-01 -7.12E-03 -2.03E-02 1.33E+03 2.92E+04 5.46E+03 4.91E+03 
1.60E-04 4.07E-03 1.18E-04 3.37E-04 1.55E+03 3.41E+04 6.37E+03 5.73E+03 
-2.50E-04 -6.36E-03 -1.84E-04 -5.26E-04 1.81E+03 3.97E+04 7.42E+03 6.68E+03 
3.99E+00 1.01E+02 2.93E+00 8.39E+00 2.37E+03 5.22E+04 9.75E+03 8.78E+03 
-4.41E+00 -1.12E+02 -3.24E+00 -9.26E+00 2.62E+03 5.76E+04 1.08E+04 9.69E+03 
2.29E-01 5.81E+00 1.68E-01 4.81E-01 2.83E+03 6.23E+04 1.16E+04 1.05E+04 
-1.79E-02 -4.55E-01 -1.32E-02 -3.76E-02 2.21E+02 4.87E+03 9.10E+02 8.19E+02 
9.40E-04 2.39E-02 6.91E-04 1.97E-03 5.66E+02 1.25E+04 2.33E+03 2.10E+03 
-8.06E-05 -2.05E-03 -5.92E-05 -1.69E-04 4.43E+01 9.74E+02 1.82E+02 1.64E+02 
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Table  6-9.  Estimated Percentages of Total Water Column Cryptosporidium Flux 
From Sediment 
 % of total flux from sediment using various 
concentrations 
Segment 
Number Min  Max MLE Avg 
1 0 0 0 0 
2 3.6E-08 4.15E-08 6.43E-09 2.04E-08 
3 7.3E-06 8.43E-06 1.31E-06 4.14E-06 
4 -7.3E-06 -8.4E-06 -1.3E-06 -4.1E-06 
5 1.03E-07 1.2E-07 1.85E-08 5.87E-08 
6 -1.39E-07 -1.6E-07 -2.5E-08 -7.9E-08 
7 0.001684 0.001944 0.000301 0.000956 
8 -0.001683 -0.00194 -0.0003 -0.00096 
9 8.08E-05 9.33E-05 1.44E-05 4.59E-05 
10 -8.1E-05 -9.4E-05 -1.4E-05 -4.6E-05 
11 1.66E-06 1.92E-06 2.97E-07 9.42E-07 
12 -1.82E-06 -2.1E-06 -3.3E-07 -1E-06 
 
 
A different approach to estimate Cryptosporidium flux due to sediment resuspension was 
employed.  This method back calculates the amount of sediment in the water column 
based on the flow and on previously observed total suspended solids (TSS) levels in the 
creek.  Once the sediment flux rate is estimated based on measured TSS levels at various 
flow conditions, the Cryptosporidium flux can be determined and compared to the overall 
Cryptosporidium flux for the water column based on sampling data during the study.  As 
shown in Table 6-10, depending upon the flow, between 4% and 27% of the total 
Cryptosporidium flux could come from sediments.  However, this calculation assumes all 
of the sediment transported in the water column is considered to be either streambed 
sediments or sediments as contaminated as streambed sediments.  These estimates 
suggest oocysts released by sediments can make a contribution to Cryptosporidium in the 
water column concentrations during wet weather events. 
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Table  6-10.  Sediment and Total Water Column Cryptosporidium Flux Estimates 
  
Sediment 
Transport
Sediment 
Cryptosporidium Flux 
(oocysts/s) 
Total Water Column 
Cryptosporidium flux 
(oocysts/s) 
Flow 
(cfs) 
TSS 
(mg/L) 
Sediment 
flux (g/s) min  max MLE 
min 
wc 
flux 
max 
wc 
flux 
MLE wc 
flux 
100 155.0 439.0 13.6 344.7 10.0 2832 62304 11642.67
200 221.2 1253.0 38.7 984.0 28.5 2832 62304 11642.67
300 287.4 2442.1 75.5 1917.9 55.5 2832 62304 11642.67
400 353.7 4006.2 123.8 3146.3 91.0 2832 62304 11642.67
500 419.9 5945.5 183.8 4669.2 135.1 2832 62304 11642.67
600 486.1 8259.8 255.3 6486.8 187.7 2832 62304 11642.67
700 552.3 10949.2 338.5 8598.9 248.8 2832 62304 11642.67
800 618.5 14013.7 433.2 11005.5 318.4 2832 62304 11642.67
900 684.8 17453.2 539.5 13706.7 396.5 2832 62304 11642.67
1000 751.0 21268.3 657.4 16702.9 483.2 2832 62304 11642.67
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  6-12.  Contribution of Sediment Flux To Total Water Column 
Cryptosporidium Flux 
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Another way of examining the plausibility and reality of the calculations is to determine 
the equivalent volume of treated wastewater discharge to achieve the same annual 
Cryptosporidium flux generated by resuspended streambed sediment.  This was 
conducted to better understand what portion if any of the oocysts in the streambed 
sediment could potentially be from wastewater discharge.  For estimates, a concentration 
of 1,000 oocysts/L was used to represent the average concentration of Cryptosporidium 
wastewater discharge.  This number is based on past studies by the author (Crockett, 
2000).  Currently approximately 18.3 million gallons per day (mgd) of sewage discharge 
is received on average by the Wissahickon Creek from the five upstream wastewater 
treatment plants (USEPA, 2003).  If these wastewater plants are discharging 
Cryptosporidium oocysts regularly at elevated levels and the oocysts are attaching or 
embedding in streambed sediments, the streambed can become a buffer for oocysts which 
can become resuspended during wet weather events. 
 
Table 6-11 shows that if 6 cm of sediment is resuspended annually and the streambed 
concentration ranges of Cryptosporidium are used, the equivalent wastewater discharge 
flow that streambed sediment resuspension represents ranges from 0.28  to 9.7 mgd.  This 
is only a fraction of the average discharge flow (18.3 mgd).  Therefore, it is very possible 
that the oocysts present in the sediment could largely be the result of wastewater 
discharge during baseflow periods instead of from runoff.  In addition, it also suggests 
that controlling levels of Cryptosporidium in wastewater discharge could directly impact 
sediment concentrations and ultimately the Cryptosporidium flux produced by 
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resuspended sediment leading to potentially decreased peak concentrations of 
Cryptosporidium in the creek during wet weather events. 
 
 
Table  6-11.  Estimation of Equivalent Daily Wastwater Discharge Flow Derived 
From The Annual Resuspended Sediment Cryptosporidium Load 
Sediment 
Concentration 
Resuspended 
Concen-
tration 
(oocysts/g) 
Sediment 
amount 
resuspended 
(grams/yr)   
X 1011 
oocysts/yr 
resuspens-
ion X 1010 
oocysts/day 
resuspension 
X 107 
equivalent 
wastewater 
(MGD) 
min detected 
sed conc. 
(oocyst/g) 0.0309 1.70 0.53 1.44 0.38 
max sed conc 
(oocysts/g) 0.7853 1.70 13.4 36.6 9.67 
MLE sed conc 
(oocysts/g) 0.0227 1.70 0.39 1.06 0.28 
avg sed conc 
(oocyst/g) 0.0649 1.70 1.10 3.03 0.80 
Note:  Estimation assumes average wastewater discharge concentration is 10 oocysts/L 
(Crockett, 1995 and Crockett, 2000)  
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6.3 Mechanisms and Impacts of Sediment Resuspension on Water Column 
Concentrations of Cryptosporidium 
 
 
The previous observations of greater Cryptosporidium concentrations in sediment and 
substantial estimated contributions to annual fluxes of Cryptosporidium in the water 
column create additional questions about the mechanisms by which Cryptosporidium 
oocysts whether attached to suspended particles, biofloc, or freely flowing end up in 
streambed sediments.  A partial understanding of these issues is provided in recent 
deposition and resuspension flume channel experiments conducted by Drexel University 
and Northwestern University in conjunction with the Philadelphia Water Department 
(Packman et al., 2003a & b).  The results from these studies have begun to provide some 
indication of the mechanisms and potential for modeling deposition and release of 
oocysts from sediment.  These results also provide corresponding evidence that oocyst 
deposition in the streambed can occur easily and is substantial. 
 
In the study by Packman, experiments were conducted in a laboratory flume to observe 
the deposition and resuspension of Cryptosporidium parvum oocysts in a sand streambed.  
A recirculating flume was used to control the physical and chemical conditions that 
influence oocyst transport (see Figure 6-13).  Oocyst removal from the stream was 
greater in all experiments with sand beds than in the experiment without a sand bed, with 
64-85% oocysts removed with a sediment bed as opposed to approximately 50% oocysts 
removed by attachment to channel bottom and walls only.  In three experiments 
conducted with the highest stream velocities (12.2 - 17.7 cm/s), 75-85% of oocysts were 
removed from suspension in a period of 18-26 hours.   
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Figure  6-13.  Streambed Sediment Trapping and Resuspension Flume Channel 
Experiment Schematic 
 
 
Following the deposition experiments, the flume stream velocity was increased 
sufficiently to mobilize the bed sediment with corresponding increase in oocyst 
concentration.  The in-stream oocyst concentration was found to increase after the flow 
increase in all four experiments, but the magnitude of oocyst release varied from 9% to 
57% remobilization of deposited oocysts.   Experiments with a much higher rate of bed 
sediment transport generally showed much greater oocyst remobilization ranging from 47 
to 57%.  The combined findings of the deposition and resuspension experiments 
demonstrate that Cryptosporidium oocysts deposited under low-flow conditions can be 
substantially remobilized under high-flow conditions.  These processes could therefore 
produce a rapid increase in the pathogen concentration during flood flows in streams and 
rivers. 
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Packman was able to successfully model oocyst deposition by considering advective 
delivery of oocysts to the streambed followed by physicochemical attachment (filtration) 
of oocysts to bed sediment grains.  This mechanism can be readily explained by theory 
for advective stream-subsurface exchange with a streambed covered by bedforms.  
Packman concluded that transported oocysts become removed from suspension by 
filtration and is not controlled by pore water advection as previously believed by other 
researchers.   
 
The results of the sediment field sampling study were compared to estimates of sediment 
concentrations due to deposition and resuspension predicted by Packman, applying the 64 
to 85% trapping rate of oocysts by sand bedforms and 15 to 57% release rate for 
resuspension observed in the Packman study.  An average annual depth of 6 centimeters 
of sediment was assumed to be the maximum depth of oocyst penetration for trapping 
and for resuspension and bed load calculations. 
 
Using these parameters Table 6-12 provides the estimated/predicted sediment 
concentrations as compared to that observed in the study.  As shown, predicted oocyst 
levels due to resuspension were between 5 to 10 times higher than that observed during 
the study during normal flow periods.  This suggests that either the flume channel 
experiments overestimated deposition of Cryptosporidium in streams or that improved 
sediment sampling methods would have accounted for this difference.  Given the 
promising comparison of predicted sediment levels using the Packman results, 
comparisons of real and predicted water column concentrations were estimated.  As 
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shown in Table 6-13, the predicted concentrations in the water column as a result of 
sediment resuspension were only 1 to 10% of that observed using the MLE mean (0.411 
oocysts/L).  This is expected and corroborates the assumption that the annual water 
column flux in the entire Wissahickon Creek is partly comprised of oocysts from 
sediment resuspension, but not entirely.  However, less than ideal analytical recovery of 
Cryptosporidium oocysts in the sediment could have caused lower than expected 
contributions given the observed MLE mean concentration of Cryptosporidium oocysts 
detected in the sediment was used to calculate the resuspended concentrations.  These 
finding also support the hypothesis that sediments can serve as a significant reservoir of 
Cryptosporidium oocysts that may impact water column concentrations from 
resuspension.  The combined results of these comparisons suggest that the ability to 
relatively predict sediment transport or mass bed load is probably the measurement of the 
most uncertainty impacting results and needs further quantification.  In addition, the 
Packman study was done with very specific charge and homogeneous sand streambed 
conditions.  In the real environment there is considerable variability on a daily basis in 
these conditions that could create additional potential for adsorptive processes to occur in 
addition to the advective and trapping mechanisms modeled in the Packman study.   
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Table  6-12.  Comparison of Cryptosporidium Concentrations Predicted In Sediment 
Due To Streambed Deposition Modeling To Observed Study Results 
Avg. 
annual 
flow 
(cfs) 
Predicted 
Sediment 
Conc.-
64% 
Deposition 
(oocysts/g)
Predicted 
Sediment 
Conc.-
85% 
Deposition 
(oocysts/g)
Observed 
MLE 
sediment 
conc. 
(oocysts/g)
ratio 
predicted/ 
observed 
@ 64% 
ratio 
predicted/ 
observed @ 
85% 
86.9 0.120 0.159 0.023 5.28 7.02 
100 0.138 0.183 0.023 6.08 8.07 
168.3 0.232 0.309 0.023 10.2 13.6 
 
 
 
Table  6-13.  Comparison of Cryptosporidium Concentrations Predicted In Water 
Column Due To Sediment Resuspension  Modeling To Observed Study Results 
 
 
Predicted Water Column 
Concentration From 
Ratio 
Predicted/Observed 
Avg. 
annual 
flow (cfs) 
Observed 
MLE 
Water 
Conc. 
(oocysts/L)
15% Sediment 
Release 
(oocyst/L) 
57% 
Sediment 
Release 
(oocyst/L)
@ 15% 
Release 
@ 57% 
Release 
86.9 0.411 0.007 0.028 1.8% 6.9% 
100 0.411 0.006 0.025 1.6% 6.0% 
168.3 0.411 0.004 0.015 0.9% 3.6% 
1000 0.411 0.001 0.002 0.2% 0.6% 
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6.4 Comparison of Cryptosporidium Production Within Watersheds 
 
A comparison of the Cryptosporidium oocyst production rate for the Wissahickon Creek 
observed during this study was compared to that reported in other studies to determine if 
the oocyst loading in the watershed had changed dramatically over time.  The term 
“production rate” is the amount of protozoans produced per square mile of the watershed 
per day.  The oocyst production rates were calculated using the observed 
Cryptosporidium densities, flowrates, and watershed drainage areas.  The production 
rates that were calculated and compared were done without adjustment for recovery.   
 
As shown in Figure 6-14, the production rates calculated during the study were over 
1,000 times greater than that during previous studies (Crockett, 1995, 1997, 2000).  The 
previous studies used the IFA method that had reported significantly poor and low 
recoveries even at high spike doses (>1,000 oocysts).  The study by Crockett from 1997-
1999 did begin to employ Method 1622 during its early development, but the 
combination of 4L grab samples and limited quality assurance and control procedures 
still hampered it from being as good as the current method.  Though there were 
differences in recovery and detection of previous studies, the production rate from the 
current study was similar to that observed in an urban watershed by Hansen and Ongerth.  
However, the Hansen and Ongerth study was performed in the late 1980’s and used the 
IFA method that had poorer recoveries.  Therefore, given the limited information of 
varying quality available for comparison, the study observed greater production rates than 
in past studies and indicates that there is a cycle of oocyst loading and prevalence in the 
watershed that rises and falls over multiple years (LeChevallier, 1998). 
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Figure  6-14.  Comparison of Cryptosporidium Oocyst Production In the Wissahickon 
Watershed With Previous Studies and Other Relevant Studies 
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6.5 Implications for Watershed Management and Control Strategies 
 
 
Based on these findings, sediment has the potential to play a role in any watershed as a 
significant source and sink of Cryptosporidium oocysts and therefore must be factored 
into most if not all watershed management strategies.  These results prove that the 
impacts of point and non-point sources on surface water concentrations of 
Cryptosporidium are not separate and exclusive, like other contaminants, with the 
sediment acting as a sink for the contaminant during dry weather periods and as a source 
during wet weather events.  Therefore evaluations of best management practices on 
surface water concentrations must include fate and transport modeling of the trapping and 
release of Cryptosporidium in streambed sediments. 
 
Modeling the source/sink relationship of contaminants by sediments and evaluating 
techniques to address sediment as a source and sink of pollutants are not new and have 
been developed mainly to address metal, organics, and phosphorus in many reservoir 
catchments.  Most of these techniques have focused primarily on addressing anoxic or 
other physical conditions that would make it possible for these contaminants to dissolve 
into the water column.  However, to reduce the impact of Cryptosporidium several 
strategies can be considered and evaluated to determine which will have the most cost 
effective impacts.  These include the following approaches: 
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• Reduction or treatment of elevated levels of Cryptosporidium from constant 
discharge sources during baseflow periods (sewage treatment plants, cattle in 
streamsto decrease the average Cryptosporidium load in the sediment. 
• Reduction or treatment of elevated levels of Cryptosporidium from overland 
sources into sensitive streambed areas where stream bed load significantly 
accumulates and scours that would increase period spikes in sediment 
Cryptosporidium loads (i.e. stormwater management at sources). 
• Reduction of sediment loading and bed load transport in the watershed via 
techniques that capture sediment or reduce its availability (i.e. dam removal or 
dredging). 
 
If the reduction of the average annual concentration of Cryptosporidium is the main goal 
of the program, reducing the overall Cryptosporidium load in streambed sediments would 
need to focus on point source discharges.  Wastewater discharges represent potential 
constant discharges of elevated Cryptosporidium concentrations on a daily basis during 
baseflow periods (Crockett, 1995, Crockett, 2000).  In some urban streams, such as the 
Wissahickon Creek wastewater discharges can comprise over 25% of the streamflow 
(Marengo, 2002).  Addressing upstream wastewater discharges requires improvement in 
upstream wastewater treatment or performance or reduced discharges.  Wastewater 
treatment has been shown to achieve reductions in Cryptosporidium levels from 1 to 4 
orders of magnitude depending upon the type of treatment and studies (Rose, 1996, Suwa 
2001a &b, ).  The most effective Cryptosporidium removals reported in literature tend to 
be associated with advanced treatment systems and those employing some type of sand 
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filter or polishing filter processes (Corsi, 2003).  Currently New York City has an active 
program upgrading wastewater treatment plants discharging into their watershed to 
reduce concentrations of Cryptosporidium discharged into the watershed.  However, this 
can be expensive to employ and create watershed stakeholder conflicts if dischargers 
have new regulatory requirements thrust upon them.  Therefore, options to increase 
funding to subsidize or pay for upstream wastewater discharge treatment upgrades such 
as ultraviolet light may be cost effective and should be examined.  New York City 
already employs such techniques in their watershed protection program. 
 
If the program’s goal is reducing peak surface water concentrations of Cryptosporidium 
during certain events, a non-point source mitigation strategy is better.  Addressing 
overland runoff or non-point sources of Cryptosporidium such as from farming are 
potentially cheaper alternatives to direct discharge approaches, but also present 
difficulties in the sheer number of cooperative stakeholders that may be needed to 
achieve significant reductions.  Best management techniques including riparian buffer 
strips, streambank fencing, and developing alternative water sources for cattle away from 
streams can make significant impacts (Atwill et al., 2002).  These techniques reduce 
sediment transport and sediment production as well.  Other techniques such as manure 
and nutrient management on properties could also reduce overland flow impacts and even 
adopting practices to reduce property erosion and soil loss using techniques like no-till 
farming can be effective.  However, the Wissahickon Creek does not have significant 
agricultural landuse (<5% agricultural land) and therefore management of stormwater 
runoff must focus on addressing erosion from impervious surfaces. 
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There are additional techniques that can be employed at the water treatment plant in 
combination with runoff mitigation in the watershed to help improve cost-effectiveness 
and provide the time (decades in some cases) for the effects of watershed mitigation to 
become measurable.  These techniques include the creation of raw water reservoirs for 
river supplies and alternative pumping scenarios to avoid withdrawing more 
contaminated water during storms.  Therefore, the findings of the potential impacts of 
sediment resuspension in this study support the recommendations of other researchers 
(Atherholt, 1998, Abbaszadegan, 1998,  Stewart, 1997) that observed the impacts of wet-
weather events on Cryptosporidium concentrations and suggested these techniques.   
 
Finally, if mitigating sediment creation and transport is part of the strategy, it can be 
achieved in a number of ways.  For example, in urban and residential areas flow control 
structures and streambank restoration using geofluvialmorphological techniques to reduce 
streambank erosion can be employed.  In the most extreme cases or in special instances 
such as reservoirs or dam areas, catchments or stilling basins can be designed to trap the 
sediment for routine removal.   
 
A combination of the above approaches can be integrated and adapted in any way to 
address the specific constraints of the watershed management system.  However, the most 
effective way these techniques should be employed is in a manner that is complimentary 
to existing programs designed to address other contaminants, but indirectly address 
Cryptosporidium. 
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6.6 Additional Needed Information For Future Studies 
 
Prior to conducting future studies the analytical method for sediment detection requires 
further refinement to improve QA/QC procedures and recoveries.  For example, new 
products called ColorSeed can be placed in the sample matrix that are “tagged” 
Cryptosporidium that can be identified separately from environmental Cryptosporidium 
improving matrix recovery measurements (Wernecke et. al, 2003, McCuin, 2003).  Also, 
alternative methods of spiking the sediment and mixing the spike into the sediment for 
recovery measurements need to be explored.  Potential adaptations from land sediments 
could be explored.  Recoveries could be improved by using the new high volume and 
high turbidity cartridge filters that have become available since the study was conducted 
(DiGiorgio, 2002).  Using the cartridge filters to filter the sediment supernatant could 
create substantial increases in sediment sample sizes analyzed and ultimately more 
representative characterizations from field studies.  Additional efforts to lower the 
detection limit below 100 oocysts/gram would also significantly improve characterization 
of pristine stream areas. 
 
Additional studies are needed to further characterize the ranges of Cryptosporidium 
concentrations that are present in a variety of sediments from various watersheds.  This 
includes investigations of viability and infectivity in order to develop a more accurate 
understanding of the threat posed by sediment resuspension.  This could include 
collecting samples from a variety of lake and river systems with different types of 
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landuse and potential sources in an approach similar to that adopted in AWWARF 488 to 
provide a representative site of varying vulnerability and susceptibility.   
 
Finally, a more in-depth characterization of the trapping and release of Cryptosporidium 
oocysts by a variety of sediment compositions (clays, silts, sands, and mixtures), charge 
and water quality conditions, flow regimes, and temperatures.  A detailed transport model 
could be developed with this information to accurately model the environmental transport 
of Cryptosporidium in the water column.  
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7. CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
The information gained from this study was has advanced the current understanding of 
sources, fate, and transport of Cryptosporidium as it relates to streambed sediments.  The 
data confirms that streambed sediments have a potentially significant role in the 
environmental fate and transport of Cryptosporidium oocysts since they harbor 
Cryptosporidium oocysts at concentrations significantly greater than the overlying water 
column.   
 
A new analytical method was developed to isolate and recover Cryptosporidium oocysts 
from sediment matrices.  A total of 20 samples in 5 different experiments were analyzed 
for comparison with USEPA Method 1623 criteria.  The mean recovery observed for 
individual experiments, all spike samples, and all positive control samples was well 
within the requirements for all ranges established in USEPA Method 1623.  The percent 
relative standard deviation observed during individual experiments and from all 
experiments pooled ranged from 28 to 34.7%, well below the 40% cutoff for initial 
precision and recovery criteria in USEPA Method 1623.  Comparing matrix spike 
performance to that required for matrix spikes and matrix spike duplicates in USEPA 
Method 1623, the mean recovery for individual experiment sets of 37.5% to 81.5% was 
well within the required range of 13% to 111%. 
 
A majority of the Cryptosporidium-positive streambed sediment samples were collected 
in late fall/early winter and spring, following previously observed detection and spike 
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level trends over the past several years.  This data suggests that the same mechanisms 
affecting protozoa occurrence in the water column on a seasonal basis are also affecting 
occurrence in sediments.   Impacts on occurrence could be due to temperature impacts on 
survival or on mechanisms of predation in sediment or runoff influences.  Regardless of 
the appearance of seasonal association in occurrence, there were no statistically 
significant correlations between sediment or water column characteristics and 
Cryptosporidium oocyst concentrations in sediment or the water column.   
 
Cryptosporidium was detected in the sediment at a frequency similar to that observed in 
the water column during the study using standard 2X2 contingency tables and binomial 
proportion tests.   The frequency of detection in the water column was greater than is 
detected in source waters nationally.  Specifically, Cryptosporidium was detected in 
sediment samples during 5 of the 10 sampling runs/events (50%) and 7 times in the 22 
sediment samples that were analyzed (32%) during the study.  Viable Cryptosporidium 
oocysts were not detected in the three samples that were analyzed during the last three 
sampling runs of the study.  Giardia cysts were detected in stream sediments 2 times in 
the 22 sediment samples that were analyzed (9%) during the study.   
 
Using the MLE method and log-likelihood ratio tests, the distribution of Cryptosporidium 
oocysts in sediments and the water column can be described using the Poisson model and 
Negative Binomial models respectively.  The appearance of different distribution models 
for the occurrence of Cryptosporidium in streambed sediments and in the water column 
suggests that mechanisms that affect the distribution of Cryptosporidium in the overlying 
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waters are different than the mechanisms influencing distribution of the Cryptosporidium 
in the sediments.  This observation further supports the hypothesis that streambed 
sediments are a reservoir for Cryptosporidium oocysts. 
 
The ratio of the variance to the mean (coefficient of variation) in the water column 
(11.98) was almost 12 times greater than that for the sediment (1.0), suggesting that 
oocysts are distributed with greater variability in the water column than in the sediment.  
If sediment serves as a short term reservoir of Cryptosporidium oocysts, it should exhibit 
lesser variability than samples from the water column and have more consistent 
concentrations present.  These observations confirm the criteria discussed in the 
hypothesis that sediment serves as a reservoir for Cryptosporidium oocysts. 
 
Using a common scale of equivalent volume, individual concentrations of Giardia and 
Cryptosporidium were observed to be 100 to 1,000 times greater in the sediment than in 
the water column.  This is similar to the concentration difference between sediment and 
the water column observed in bacteria studies.  Comparing the mean concentrations in the 
sediment and in the water column using the Maximum Likelihood Estimator (MLE), 
concentrations of Giardia and Cryptosporidium in the sediment were 80 and 147 times 
greater than in the water column respectively.  Using the Wilcoxon pairs test, a 
statistically significant difference in the median values was observed in the positive 
direction (Z = 1.99) indicating that the equivalent concentration of Cryptosporidium in 
sediment was statistically greater than that in the water column during the study period. 
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A simulation of the instantaneous resupension of sediments in a swimming beach or 
recreational area was conducted to understand the potential impacts of instantaneous 
resuspension of sediment on water column concentrations of Cryptosporidium.  The 
estimated instantaneous Cryptosporidium load due to sediment resuspension of one to 
two inches of sediment ranged from 4.7 to 52.2 times greater than the overlying water 
column.  Even extrapolating to lower sediment amounts of 0.5 to 1.0 cm, the sediment 
would still potentially comprise over 70% of the total instantaneous Cryptosporidium 
load of the water and sediment combined.  Even under the most extreme and conservative 
conditions where water column concentration was increased to represent the maximum 
concentration observed in past studies (12 oocysts/L) and the overlying water volume 
was increased to represent flooding depths (12 ft), the instantaneous Cryptosporidium 
load from the sediment would still comprise at least 18% to 85% of the total 
instantaneous Cryptosporidium load.  This translates into increases in water column 
Cryptosporidium concentrations by more than a factor of ten from their initial state if 
sediment depths of one to two inches (2.54 cm to 5.08 cm) were instantaneously 
resuspended.  These estimated increases in concentration suggest that sediment 
resuspension during recreation (swimming, boating, wading, etc.) may increase the 
exposure and risk of infection for swimmers and increase concentrations in a water body 
(reservoir or lake) used for both water supply and recreation.   
 
A more in-depth comparison of the Cryptosporidium fluxes from sediment and flow was 
conducted using sediment flux calculations for the Wissahickon Creek generated by 
streambed sediment resuspension.  Initial comparisons using estimations of sediment 
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resuspended based on flow were determined to be inaccurate using Yang’s stream power 
approach when compared to observed TSS concentrations in the stream.  Therefore, the 
stream power approach does not adequately simulate sediment transport for this 
watershed. 
 
Another approach to estimate Cryptosporidium flux due to sediment resuspension was 
employed that back calculates the amount of sediment in the water column based on the 
flow and on previously observed total suspended solids (TSS) levels in the creek. 
Depending upon the flow conditions, between 4% and 27% of the total Cryptosporidium 
flux could come from sediments.  These estimates suggest oocysts released by sediments 
can make a contribution to Cryptosporidium in the water column concentrations during 
wet weather events.  These results strongly support our hypothesis that sediment can 
serve as a significant reservoir since sediment scouring and resuspension of streambed 
sediments occurs in the Wissahickon Creek. 
 
The results of the sediment field sampling study were compared to estimates of sediment 
concentrations due to deposition and resuspension predicted from flume channel 
experiments (Packman et. al 2003), applying the 64 to 85% trapping rate of oocysts by 
sand bedforms and a 15 to 57% release rate for resuspension observed in the Packman 
study.  Using the trapping rate and observed concentrations in the water column during 
the study, the predicted Cryptosporidium levels in the sediment due to trapping were 5 to 
10 times higher than that observed during the study during normal flow periods.  This 
suggests that either the flume channel experiments overestimated deposition of 
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Cryptosporidium in streams or that improved sediment sampling methods would have 
accounted for this difference.  The predicted concentrations in the water column as a 
result of sediment resuspension using the Packman release rates were only 1 to 10% of 
that observed using the MLE mean (0.411 oocysts/L).  This is expected and corroborates 
the assumption that the annual water column flux in the entire Wissahickon Creek is 
partly comprised of oocysts from sediment resuspension, but not entirely.  These finding 
continue to support the hypothesis that sediments can serve as a significant reservoir of 
Cryptosporidium oocysts.   
 
Based on estimates using 6 cm of sediment is resuspended annually and the concentration 
ranges of Cryptosporidium observed in the streambed sediment, the equivalent 
wastewater discharge flow that streambed sediment resuspension represents ranges from 
0.28  to 9.7 mgd.  This is only a fraction of the average discharge flow (18.3 mgd).  
Therefore, it is very possible that the oocysts present in the sediment could largely be the 
result of wastewater discharge during baseflow periods instead of from runoff.  In 
addition, it also suggests that controlling levels of Cryptosporidium in wastewater 
discharge could directly impact sediment concentrations and ultimately the 
Cryptosporidium flux produced by resuspended sediment leading to potentially decreased 
peak concentrations of Cryptosporidium in the creek during wet weather events. 
 
A comparison of the Cryptosporidium oocyst production rate for the Wissahickon Creek 
observed during this study was compared to that reported in other studies to determine if 
the oocyst loading in the watershed had changed dramatically over time.  The production 
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rates calculated during the study were over 1,000 times greater than those found during 
previous studies.  Given the limited information of varying quality available for 
comparison, the study observed greater production rates than past studies and indicates 
that there is a cycle of oocyst loading and prevalence in the watershed that rises and falls 
over multiple years which could be related to prevalence cycles in animal and human 
populations. 
 
Based on these findings, sediment has the potential to play a role in any watershed as a 
significant source and sink of Cryptosporidium oocysts and therefore must be factored 
into most, if not all, watershed management strategies.  These results suggest that the 
impacts of point and non-point sources on surface water concentrations of 
Cryptosporidium are not separate and exclusive.  Therefore Cryptosporidium behaves 
like other contaminants, with the sediment acting as a sink for the contaminant during dry 
weather periods and as a source during wet weather events.  Therefore evaluations of best 
management practices on surface water concentrations must include fate and transport 
modeling of the trapping and release of Cryptosporidium in streambed sediments. 
 
Several strategies can be considered and evaluated to determine which will have the most 
cost effective impacts to reduce the impact of Cryptosporidium.  These include reduction 
or treatment of elevated levels of Cryptosporidium from constant discharge sources 
during baseflow periods that would increase the average Cryptosporidium load in the 
sediment, reduction or treatment of elevated levels of Cryptosporidium from overland 
sources into sensitive streambed areas where stream bed load significantly accumulates 
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and scours that would increase period spikes in sediment Cryptosporidium loads, and 
reduction of sediment loading and bed load transport in the watershed via techniques that 
capture sediment or reduce its availability.  A combination of these approaches can be 
integrated and adapted in any way to address the specific constraints of the watershed 
management system.  However, the most effective way these techniques should be 
employed is in a manner that is complimentary to existing programs designed to address 
other contaminants, but indirectly address Cryptosporidium. 
 
 
 
  
199
8. ENGINEERING SIGNIFICANCE 
 
 
Overall this study represents the first significant step forward in bridging the gap in 
knowledge between the point where Cryptosporidium enter the stream and where they are 
observed at the water intake far downstream.  The development of an acceptable initial 
analytical method to detect and quantify Cryptosporidium oocysts in streambed 
sediments allows the ability to determine the significance of streambed sediments as a 
reservoir of Cryptosporidium.   This information is critical to develop mechanistic 
expressions to explain and estimate the trapping and release of Cryptosporidium oocysts 
from streambed sediments in fate and transport models.  Using these tools watershed 
managers and water utilities can then develop better strategies for managing 
Cryptosporidium in watersheds and protect public health more effectively. 
 
This study developed, evaluated, and validated an analytical method that meets the 
necessary performance criteria to meet data quality objectives.  In addition, this study 
also represents the first study focused on measuring the environmental occurrence and 
levels of Cryptosporidium in streambed sediments.  Finally, this study provides the first 
comparison of laboratory source/sink characteristics with environmental measurements to 
groundtruth their potential application for modeling or estimates in watershed 
management evaluations.  
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Table A1.  Cryptosporidium and Giardia Sample Collection Data For Sediment Samples 
Exp. 
Sample Id Lab 
Clancy 
Lab-ID 
Sample 
Location 
Location 
Descr. 
Sample 
Type 
Medium 
sent to 
Clancy 
DI or 
Wash 
Date 
Sampled 
Date 
Filtered 
Date 
Received Exp. Date 
Exp. 
Run # 
WISS140-
052202-
BGD1 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 5/22/2002 5/30/2002 6/4/2002 5/30/2002 0 
BGD-1B Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 6/18/2002 8/12/2002 8/14/2002 8/14/2002 1 
BGD-1A Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 6/18/2002 8/12/2002 8/14/2002 8/14/2002 1 
WISS140-
FS Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 7/22/2002 7/23/2002 7/25/2002 7/25/2002 2 
WISS140-
AS Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 7/22/2002 7/23/2002 7/25/2002 7/25/2002 2 
WISS140-
SNW Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment creek 7/22/2002 7/23/2002 7/25/2002 7/25/2002 2 
BGD-3B-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Wash 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
BGD-3A-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
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BGD-2B-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Wash 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
BGD-2A-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
BGD-1B-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Wash 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
BGD-1A-
10/23/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment DI 10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
BGD-1-
11/20/02 Clancy 203035-8 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 11/20/2002 1/29/2003 2/4/2003 1/29/2003 4 
BGD-2-
11/20/02 Clancy 203035-9 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 11/20/2002 1/29/2003 2/4/2003 1/29/2003 4 
BGD-3-
11/20/02 Clancy 203035-9 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 11/20/2002 1/29/2003 2/4/2003 1/29/2003 4 
BGD-1-
12/18/02 Clancy 203045-7 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 12/18/2002 2/5/2003 2/14/2003 2/5/2003 5 
BGD-2-
12/18/02 Clancy 203045-8 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 12/18/2002 2/5/2003 2/14/2003 2/5/2003 5 
  
213
BGD-3-
12/18/02 Clancy 203045-9 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 12/18/2002 2/5/2003 2/14/2003 2/5/2003 5 
BGD-123-
03/11/03 Clancy 203112-4 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 3/11/2003 4/16/2003 4/22/2003 4/16/2003 6 
BGD-123-
4/2/2003 Clancy 
203112-
11 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 4/2/2003 4/2/2003 4/22/2003 4/17/2003 7 
BGD-123-
04/29/03 Clancy 
203148-
8to10 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 4/29/2003 5/20/2003 5/28/2003 5/20/2003 8 
BGD-123-
05/20/03 Clancy 
203148-
15-17 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station Sediment 
Supernatant 
from 
sediment Both 5/20/2003 5/20/2003 5/28/2003 5/21/2003 9 
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Table A2.  Cryptosporidium and Giardia Analytical Data For Sediment Samples 
Exp. 
Sample Id 
Sample 
Volume 
Filtered 
(L) 
Related 
Sediment 
Weight 
(wet) in g 
Packed 
Pellet 
Volume 
(mL) 
Vol Ex  
(</L) 
# Giardia 
Cysts 
# Crypto 
oocysts 
Conc. 
Giardia / 
L 
Conc. 
Crypto / L Giardia/g Crypto/g Viable 
WISS140-
052202-
BGD1 0.15 395.1 0.8 0.075 0 0 0 0 0 0 N/A 
BGD-1B 2 13.2 0.6 1 0 0 0 0 0 0 N/A 
BGD-1A 2 13.2 0.6 1 1 1 1 1 0.07575758 0.075757576 N/A 
WISS140-
FS 2 13 4 0.5 0 0 0 0 0 0 N/A 
WISS140-
AS 2 13 0.5 2 0 0 0 0 0 0 N/A 
WISS140-
SNW 1 13 0.6 1 0 0 0 0 0 0 N/A 
BGD-3B-
10/23/02 2 11.5 0.4 1 0 3 0 3 0 0.260869565 N/A 
BGD-3A-
10/23/02 2 11.5 0.4 1 0 0 0 0 0 0 N/A 
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BGD-2B-
10/23/02 2 11.9 0.6 1 0 0 0 0 0 0 N/A 
BGD-2A-
10/23/02 2 11.9 0.5 1 0 0 0 0 0 0 N/A 
BGD-1B-
10/23/02 2 11.4 0.5 1 0 0 0 0 0 0 N/A 
BGD-1A-
10/23/02 2 11.4 0.4 1   0   0 0 0 N/A 
BGD-1-
11/20/02 4 10.53 1 2 1 1 0.5 0.5 0.09496676 0.094966762 N/A 
BGD-2-
11/20/02 4 13.22 1.5 2 0 0 0 0 0 0 N/A 
BGD-3-
11/20/02 4 13.22 1.5 2 0 0 0 0 0 0 N/A 
BGD-1-
12/18/02 4 11.46 1 2 0 9 0 4.5 0 0.785340314 N/A 
BGD-2-
12/18/02 4 10.26 1 2 0 1 0 0.5 0 0.097465887 N/A 
BGD-3-
12/18/02 4 12.03 1 2 0 1 0 0.5 0 0.08312552 N/A 
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BGD-123-
03/11/03 12 32.35 0.3 6 0 1 0 0.167 0 0.030911901 NO 
BGD-123-
4/2/2003 12 43.84 0.3 6 0 0 0 0 0 0 NO 
BGD-123-
04/29/03 12 38.25 3 2 0 0 0 0 0 0 NO 
BGD-123-
05/20/03 12 33.02 3 2 0 0 0 0 0 0 NO 
 
 
 
Table A3.  Cryptosporidium and Giardia Concentrations Conversions For Sediment Samples 
Exp. 
Sample Id 
Conc 
cysts/mL 
packed 
pellet 
Conc 
oocysts/mL 
of packed 
pellet 
Conc 
cysts/L 
(using 
density) 
Conc 
oocysts/L 
(using 
density) Sed DL 
WISS140-
052202-
BGD1 0 0 0 0 0.002531 
BGD-1B 0 0 0 0 0.07575758 
BGD-1A 1.66666667 1.66666667 200.757576 200.757576 0.07575758 
  
217
WISS140-
FS 0 0 0 0 0.07692308 
WISS140-
AS 0 0 0 0 0.07692308 
WISS140-
SNW 0 0 0 0 0.07692308 
BGD-3B-
10/23/02 0 7.5 0 691.304348 0.08695652 
BGD-3A-
10/23/02 0 0 0 0 0.08695652 
BGD-2B-
10/23/02 0 0 0 0 0.08403361 
BGD-2A-
10/23/02 0 0 0 0 0.08403361 
BGD-1B-
10/23/02 0 0 0 0 0.0877193 
BGD-1A-
10/23/02 0 0 0 0 0.0877193 
BGD-1-
11/20/02 1 1 251.661918 251.661918 0.09496676 
  
218
BGD-2-
11/20/02 0 0 0 0 0.07564297 
BGD-3-
11/20/02 0 0 0 0 0.07564297 
BGD-1-
12/18/02 0 9 0 2081.15183 0.08726003 
BGD-2-
12/18/02 0 1 0 258.2846 0.09746589 
BGD-3-
12/18/02 0 1 0 220.282627 0.08312552 
BGD-123-
03/11/03 0 3.33333333 0 81.9165379 0.0309119 
BGD-123-
4/2/2003 0 0 0 0 0.02281022 
BGD-123-
04/29/03 0 0 0 0 0.02614379 
BGD-123-
05/20/03 0 0 0 0 0.03028468 
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Giardia and Cryptosporidium Results For The Water Column 
 
 
Table A4.  Cryptosporidium and Giardia Sample Collection Data For Water Column Samples 
Exp. 
Sample Id Lab Lab ID 
Sample 
Location 
Location 
Descr. 
Sample 
Type 
Sample 
Volume 
Filtered 
(L) 
Related 
Sediment 
Weight 
(wet) in g 
Date 
Sampled 
Date 
Filtered 
Date 
Received Exp. Date 
Exp. 
Run # 
WISS140-
052202-
WC Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   5/22/2002 5/30/2002 6/4/2002 5/30/2002 0 
WISS140-
SW Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   7/22/2002 7/23/2002 7/25/2002 7/25/2002 2 
WISS140-
SW2 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   6/18/2002 7/2/2002 7/25/2002 8/14/2002 1 
WISS140-
10/9/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   10/9/2002 10/24/2002 10/25/2002 10/23/2002 3 
WISS140-
11/20/02 Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   11/20/2002 12/18/2002 12/20/2002 1/29/2003 4 
WISS140-
12/18/02 Clancy 202354-2 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   12/18/2002 12/18/2002 12/20/2002 2/5/2003 5 
WISS140-
03/11/03 Clancy 203112-3 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   3/11/2003 3/11/2003 4/22/2003 4/16/2003 6 
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WISS140-
04/02/03 Clancy 
203112-
10 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   4/2/2003 4/2/2003 4/22/2003 4/17/2003 7 
WISS140-
04/29/03 Clancy 
203148-
11 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   4/29/2003 4/29/2003 5/28/2003 5/20/2003 8 
WISS140-
05/20/03 Clancy 
203148-
18 
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Creek 
water 10   5/20/2003 5/20/2003 5/28/2003 5/21/2003 9 
 
 
 
Table A5. Cryptosporidium and Giardia Analytical Data For Water Column Samples 
Exp. 
Sample Id 
Packed 
Pellet 
Volume 
(mL) 
Vol Ex  
(</L) 
# Giardia 
Cysts 
# Crypto 
oocysts 
Conc. 
Giardia / L 
Conc. 
Crypto / L DL 
WISS140-
052202-
WC 0.15 5 2 0 0.4 0 0.2 
WISS140-
SW 0.2 10 0 0 0 0 0.1 
WISS140-
SW2 0.1 10 0 0 0 0 0.1 
WISS140-
10/9/02 0.1 5 0 0 0 0 0.2 
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WISS140-
11/20/02 0.3 10 0 14 0 1.4 0.1 
WISS140-
12/18/02 0.1 10 5 22 0 2.2 0.1 
WISS140-
03/11/03 0.2 10 1 0 0.1 0 0.1 
WISS140-
04/02/03 0.2 10 0 1 0 0.1 0.1 
WISS140-
04/29/03 0.4 10 0 0 0 0 0.1 
WISS140-
05/20/03 0.5 10 0 0 0 0 0.1 
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Giardia and Cryptosporidium Data For Positive Controls, Matrix Spikes, and Blanks 
 
 
 
Table A6.  Cryptosporidium and Giardia Sample Preparation Data For Positive Control Samples 
Exp. 
Sample Id Lab Lab ID 
Sample 
Location 
Location 
Descr. 
Sample 
Type 
Medium 
sent to 
Clancy 
Sample 
Volume 
Filtered 
(L) 
Date 
Sampled 
Date 
Filtered 
Date 
Received Exp. Date 
Exp. Run 
# 
DEMAND Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
creek 
water 
Supernatant 
from 
sediment 2 06/18/02 08/12/02 08/14/02 08/14/02 1 
D-1A Clancy   
Wissahickon 
Creek 
Wiss. 
Creek 
upstream 
of police 
station 
Demand 
Spike 
Buffered DI 
water 2 10/23/02 10/24/02 10/25/02 10/23/02 3 
PC-
11/20/02 Clancy 203035-6 Lab Lab 
Positive 
Control Filter 4 01/29/03 01/29/03 02/04/03 01/29/03 4 
PC-
12/18/02 Clancy 203045-5 Lab Lab 
Positive 
Control Filter 4 02/05/03 02/05/03 02/14/03 02/05/03 5 
PC-
03/11/03 Clancy 203112-2 Lab Lab 
Positive 
Control Filter 4 04/16/03 04/16/03 04/22/03 04/16/03 6 
PC-
4/2/2003 Clancy 203112-9 Lab Lab 
Positive 
Control Filter 4 04/17/03 04/17/03 04/22/03 04/17/03 7 
PC-
04/29/03 Clancy 203148-7 Lab Lab 
Positive 
Control Filter 4 05/20/03 05/20/03 05/28/03 05/20/03 8 
PC-
05/20/03 Clancy 
203148-
14 Lab Lab 
Positive 
Control Filter 4 05/20/03 05/20/03 05/28/03 05/21/03 9 
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Table A7.  Cryptosporidium and Giardia Analytical Data For Positive Control Samples 
Exp. 
Sample Id 
Packed 
Pellet 
Volume 
(mL) 
Vol Ex  
(</L) 
# Giardia 
Cysts 
# Crypto 
oocysts 
Conc. 
Giardia / L 
Conc. 
Crypto / L 
Crypto 
Spike 
Spike 
batch 
date 
 estimated 
# of 
oocysts in 
entire 
sample 
% 
recovery 
DEMAND 0 1 0 351 0 351 1000 6/8/2002 702 70% 
D-1A 0 1 0 318 0 318 1000 10/14/02 636 64% 
PC-
11/20/02 0 2 0 253 0 126.5 1000 10/14/02 506 51% 
PC-
12/18/02 0.2 2 0 262 0 131 1000 10/29/02 524 52% 
PC-
03/11/03 0 4 0 471 0 117.75 1000 10/29/02 471 47% 
PC-
4/2/2003 0 4 0 305 0 76.25 1000 10/29/02 305 31% 
PC-
04/29/03 0.1 4 0 342 0 85.5 1000 05/05/03 342 34% 
PC-
05/20/03 0.1 4 0 331 0 82.75 1000 05/05/03 331 33% 
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Table A8.  Cryptosporidium and Giardia Sample Preparation Data For Matrix Spike Samples 
Exp. Sample Id Lab Lab ID 
Sample 
Location 
Sample 
Type 
Medium sent to 
Clancy 
DI or 
Wash 
Sampl
e 
Volum
e 
Filtered 
(L) 
Related 
Sedime
nt 
Weight 
(wet) in 
g 
Date 
Sample
d 
Date 
Filtered 
Date 
Receive
d 
Exp. 
Date 
Exp. 
Run # 
WISS140-
052202-SP1 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment   0.4 315.9 
05/22/0
2 
05/30/0
2 
06/04/0
2 
05/30/0
2 0 
WISS140-
052202-SP2 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment   0.25 272.2 
05/22/0
2 
05/30/0
2 
06/04/0
2 
05/30/0
2 0 
WISS140-
052202-SP3 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment   0.2 285.9 
05/22/0
2 
05/30/0
2 
06/04/0
2 
05/30/0
2 0 
WISS140-
052202-SP4 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment   0.2 307.9 
05/22/0
2 
05/30/0
2 
06/04/0
2 
05/30/0
2 0 
SP-4B Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 12.4 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-4A Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 12.4 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-3B Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 12 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-3A Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 12 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-2B Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 12.5 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-2A Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 12.5 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-1B Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 11.2 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-1A Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 11.2 
06/18/0
2 
08/12/0
2 
08/14/0
2 
08/14/0
2 1 
SP-2B-10/09/02 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 13.5 
10/09/0
2 
10/24/0
2 
10/25/0
2 
10/23/0
2 3 
SP-2A-10/09/02 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 13.5 
10/09/0
2 
10/24/0
2 
10/25/0
2 
10/23/0
2 3 
SP-1B-10/09/02 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Wash 2 14.5 
10/09/0
2 
10/24/0
2 
10/25/0
2 
10/23/0
2 3 
SP-1A-10/09/02 Clancy   
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment DI 2 14.5 
10/09/0
2 
10/24/0
2 
10/25/0
2 
10/23/0
2 3 
MSP-1-11/20/02 Clancy 
203035-
7 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 10.08 
11/20/0
2 
01/29/0
3 
02/04/0
3 
01/29/0
3 4 
MSP-1-12/18/02 Clancy 
203045-
6 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 11.04 
12/18/0
2 
02/05/0
3 
02/14/0
3 
02/05/0
3 5 
MSP-1-03/11/03 Clancy 
203112-
7 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 10.63 
03/11/0
3 
04/16/0
3 
04/22/0
3 
04/16/0
3 6 
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MSP-1-4/2/2003 Clancy 
203112-
14 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 11.16 
04/02/0
3 
04/17/0
3 
04/22/0
3 
04/17/0
3 7 
MSP-1-04/29/03 Clancy 
203148-
12 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 10.46 
04/29/0
3 
05/20/0
3 
05/28/0
3 
05/20/0
3 8 
MSP-1-05/20/03 Clancy 
203148-
19 
Wissahickon 
Creek 
Sedime
nt 
Supernatant from 
sediment Both 4 10.1 
05/20/0
3 
05/20/0
3 
05/28/0
3 
05/21/0
3 9 
 
 
 
Table A9.  Cryptosporidium and Giardia Analytical Data For Matrix Spike Samples 
Exp. Sample Id 
Packed 
Pellet 
Volume 
(mL) 
Vol Ex  
(</L) 
# Giardia 
Cysts 
# Crypto 
oocysts 
Conc. 
Giardia / 
L 
Conc. 
Crypto / 
L 
Crypto 
Spike 
Spike 
batch 
date 
 
estimated 
# of 
oocysts 
in entire 
sample 
% 
recovery 
% recovery 
(B/(S-A)) 
WISS140-052202-
SP1 1 0.2 1 617 5 3085 10000   6170 0.617   
WISS140-052202-
SP2 0.8 0.125 0 374 0 2992 10000   5984 0.5984   
WISS140-052202-
SP3 0.8 0.1 0 304 0 3040 10000   6080 0.608   
WISS140-052202-
SP4 0.8 0.1 0 299 0 2990 10000   5980 0.598   
SP-4B 0.5 1 0 7 0 7 1000   14 0.014 0.01971831 
SP-4A 0.6 1 0 145 0 145 1000   290 0.29   
SP-3B 0.3 1 0 7 0 7 1000   14 0.014 0.02491103 
SP-3A 0.4 1 0 219 0 219 1000   438 0.438   
SP-2B 0.5 1 0 8 0 8 1000   16 0.016 0.03100775 
SP-2A 0.7 1 0 242 0 242 1000   484 0.484   
SP-1B 0.5 1 0 15 0 15 1000   30 0.03 0.07281553 
SP-1A 0.5 1 0 294 0 294 1000   588 0.588   
SP-2B-10/09/02 0.7 1 0 71 0 71 1000   142 0.142 0.3988764 
SP-2A-10/09/02 0.3 1 0 322 0 322 1000   644 0.644   
SP-1B-10/09/02 0.5 1 0 85 0 85 1000   170 0.17 0.52147239 
SP-1A-10/09/02 0.4 1 0 337 0 337 1000   674 0.674   
MSP-1-11/20/02 1 2 0 265 0 132.5 1000 10/14/02 530 0.53   
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MSP-1-12/18/02 1 2 0 164 0 82 1000 10/29/02 328 0.328   
MSP-1-03/11/03 0.3 4 0 499 0 124.75 1000 10/29/02 499 0.499   
MSP-1-4/2/2003 0.3 4 0 324 0 81 1000 10/29/02 324 0.324   
MSP-1-04/29/03 1 4 3 426 0.75 106.5 1000 05/05/03 426 0.426   
MSP-1-05/20/03 1 4 0 398 0 99.5 1000 05/05/03 398 0.398   
 
 
 
Table A10.  Cryptosporidium and Giardia Sample Preparation Data For Blank Samples 
Exp. 
Sample 
Id Lab Lab ID 
Sample 
Location 
Location 
Descr. 
Sample 
Type 
Medium 
sent to 
Clancy 
DI or 
Wash 
Sample 
Volume 
Filtered 
(L) 
Date 
Sampled 
Date 
Filtered 
Date 
Received Exp. Date 
Exp. 
Run # 
Blank-
11/20/02 Clancy 203035-5 Lab Lab Blank Filter DI 4 1/29/2003 1/29/2003 2/4/2003 1/29/2003 4 
Blank-
12/18/02 Clancy 203045-4 Lab Lab Blank Filter DI 4 2/5/2003 2/5/2003 2/14/2003 2/5/2003 5 
Blank-
03/11/03 Clancy 203112-1 Lab Lab Blank Filter DI 4 4/16/2003 4/16/2003 4/22/2003 4/16/2003 6 
Blank-
4/2/2003 Clancy 203112-8 Lab Lab Blank Filter DI 4 4/17/2003 4/17/2003 4/22/2003 4/17/2003 7 
Blank-
04/29/03 Clancy 203148-6 Lab Lab Blank Filter DI 4 5/20/2003 5/20/2003 5/28/2003 5/20/2003 8 
Blank-
05/20/03 Clancy 
203148-
13 Lab Lab Blank Filter DI 4 5/20/2003 5/20/2003 5/28/2003 5/21/2003 9 
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Table A- 11.  Cryptosporidium and Giardia Analytical Data For Blank Samples 
Exp. 
Sample Id 
Packed 
Pellet 
Volume 
(mL) 
Vol Ex  
(</L) 
# Giardia 
Cysts 
# Crypto 
oocysts 
Conc. 
Giardia / L 
Conc. 
Crypto / L 
Blank-
11/20/02 0 2 0 0 0 0 
Blank-
12/18/02 0.2 2 0 0 0 0 
Blank-
03/11/03 0 4 0 0 0 0 
Blank-
4/2/2003 0 4 0 0 0 0 
Blank-
04/29/03 0.1 4 0 0 0 0 
Blank-
05/20/03 0.1 4 0 0 0 0 
 
 
 
Table A11.  Summary of Matrix Spike and Positive Control Cryptosporidium 
Recovery Data 
Date Sampled ID# matrix spike positive control Class 
05/22/02 WISS140-052202-SP1 12%   Matrix Spike 
05/22/02 WISS140-052202-SP2 7%   Matrix Spike 
05/22/02 WISS140-052202-SP3 6%   Matrix Spike 
05/22/02 WISS140-052202-SP4 6%   Matrix Spike 
06/18/02 WISS140-061802-SP1 62%   Matrix Spike 
06/18/02 WISS140-061802-SP2 50%   Matrix Spike 
06/18/02 WISS140-061802-SP3 45%   Matrix Spike 
06/18/02 WISS140-061802-SP4 30%   Matrix Spike 
10/09/02 WISS140-100902-SP1 84%   Matrix Spike 
10/09/02 WISS140-100902-SP2 79%   Matrix Spike 
11/20/02 MSP-1-11/20/02 53%   Matrix Spike 
06/18/02     70% Positive Control 
10/09/02     64% Positive Control 
11/20/02     51% Positive Control 
12/18/02 MSP-1-12/18/02 33%   Matrix Spike 
12/18/02 PC-12/18/02   52% Positive Control 
03/11/03 MSP-1-03/11/03 50%   Matrix Spike 
03/11/03 PC-03/11/03   47% Positive Control 
04/02/03 MSP-1-4/2/2003 32%   Matrix Spike 
04/02/03 PC-4/2/2003   31% Positive Control 
04/29/03 MSP-1-04/29/03 43%   Matrix Spike 
04/29/03 PC-04/29/03   34% Positive Control 
05/20/03 MSP-1-05/20/03 40%   Matrix Spike 
05/20/03 PC-05/20/03   33% Positive Control 
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APPENDIX B.  FIELD MEASUREMENT DATA 
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Table B1.  Field Probe and Flow Measurements 
Date Temp ( C ) pH 
Conductivity  
(umho/cm2) 
sp. Conductance 
(umhos) % O2 saturation 
DO 
(mg/L) 
Daily 
Mean 
Flow 
(cfs) 
5/22/2002 12.9 7.45 421.8 549 95.5 10.05 65 
6/18/2002 18.9 7.88 449 508 85.5 7.9 50 
7/22/2002 25.6 7.95 744 737 88 7 27 
10/9/2002 15.3 8.17 620 760 80.1 7.93 20 
11/20/2002 7.1 7.33 316 477.8 91.7 11.21 74 
12/18/2002 2.3 7.8 377 668 93 12.5 74 
3/11/2003 2.7 7.7 359 624 105 14.2 142 
4/2/2003 7.8 8.08 352 625 125 14.81 102 
4/29/2003 15.4 7.72 541 663 91.9 9.17 65 
5/20/2003 13.3 7.52 552 714 93.2 9.77 51 
maximum 25.6 8.17 744 760 125.0 14.8 142 
minimum 2.3 7.33 316 478 80.1 7.0 20 
average 12.1 7.76 473 633 94.9 10.5 67 
median 13.1 7.76 435 644 92.5 9.9 65 
standard 
deviation 7.3 0.27 138 96 12.4 2.7 35 
% RSD 60% 4% 29% 15% 13% 26% 53% 
N 10 10 10 10 10 10 10 
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Table C1.  Sieve Results For Streambed Sediments 
    Sieve Opening mm. 76.2 19.05 4.76 2 0.42 0.25 0.149 0.074 
      In 3 0.75             
Date Collected Date Received ASTM Method 
US Mesh 
#    4 10 40 60 100 200 
5/22/2002 5/23/2002 
ASTM C-136, D-
2487   100 96.9 81.7 65.5 15.3 9.8 5.1 3.4 
7/22/2002 7/24/2002 
ASTM C-136, D-
2487   100 96.8 78.2 61.9 13.6 7.4 5.1 3.5 
6/18/2002 6/19/2002 
ASTM C-136, D-
2487   100 100 84.9 72.5 14.5 8.1 4 2.8 
10/9/2002 10/16/2002 
ASTM C-136, D-
2487   100 92.4 80.8 64.9 15.6 9.6 7.4 5.6 
11/20/2002 11/29/2002 
ASTM C-136, D-
2487   100 97.7 74.9 55.6 15.9 11.7 9.3 6.7 
12/18/2002 12/30/2002 
ASTM C-136, D-
2487   100 96.9 80.8 64.3 17.4 10.7 6.3 3.8 
3/11/2003 3/11/2003 
ASTM C-136, D-
2487, D4318   100 100 82 62.6 9.6 3.7 2.4 1.7 
4/2/2003 4/2/2003 
ASTM C-136, D-
2487, D4318   100 100 84.1 63.6 13 5 2.5 1.7 
4/29/2003 4/29/2003 
ASTM C-136, D-
2487, D4318   100 100 92.8 81.2 30.5 12.4 7.1 5 
5/20/2003 5/20/2003 
ASTM C-136, D-
2487, D4318   100 91.9 73 57.2 15.7 8.7 6.2 4.7 
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Table C2.  Summary of Sediment Breakdown By Material Type 
Date 
Collected 
Gravel 
(%) Sand (%) Fines (%) 
Soil 
Classification Soil Description 
Grid Cell 
Collected 
5/22/2002 18.3 78.3 3.4 SP 
Poorly graded micaceous sand 
with gravel mixed with schists 
friable to sand and silt A 
7/22/2002 21.8 74.7 3.5 SP 
Poorly graded micaceous sand 
with gravel mixed with schists 
friable to sand and silt B 
6/18/2002 15.1 82.1 2.8 SP 
Poorly graded micaceous sand 
with gravel mixed with schists 
friable to sand and silt C 
10/9/2002 19.2 75.2 5.6 SW-SM 
Well graded sand with silt and 
gravel D 
11/20/2002 25.1 68.2 6.7 SW-SM 
Well graded sand with silt and 
gravel E 
12/18/2002 19.2 77 3.8 SW Well graded sand with gravel F 
3/11/2003 18 80.3 1.7 SP Poorly graded sand with gravel A 
4/2/2003 15.9 82.4 1.7 SP Poorly graded sand with gravel B 
4/29/2003 7.2 87.8 5 SP Poorly graded sand with gravel C 
5/20/2003 27 68.3 4.7 SW Well graded sand with gravel D 
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Table C3.  Summary of Percent Passing Data From Sieve Analysis 
mm. 5/22/2002 7/22/2002 6/18/2002 10/9/2002 11/20/2002 12/18/2002 3/11/2003 4/2/2003 4/29/2003 5/20/2003
76.2 100 100 100 100 100 100 100 100 100 100 
19.05 96.9 96.8 100 92.4 97.7 96.9 100 100 100 91.9 
4.76 81.7 78.2 84.9 80.8 74.9 80.8 82 84.1 92.8 73 
2 65.5 61.9 72.5 64.9 55.6 64.3 62.6 63.6 81.2 57.2 
0.42 15.3 13.6 14.5 15.6 15.9 17.4 9.6 13 30.5 15.7 
0.25 9.8 7.4 8.1 9.6 11.7 10.7 3.7 5 12.4 8.7 
0.149 5.1 5.1 4 7.4 9.3 6.3 2.4 2.5 7.1 6.2 
0.074 3.4 3.5 2.8 5.6 6.7 3.8 1.7 1.7 5 4.7 
mean 47.2125 45.8125 48.35 47.0375 46.475 47.525 45.25 46.2375 53.625 44.675 
stdev 42.91235 42.7698 44.82056 41.40366 40.511612 42.181775 45.31912 45.06766 43.6865 40.46571 
 
 
 
 
Table C4.  Cumulative Normal Distribution Probability 
mm. 05/22/02 07/22/02 06/18/02 10/09/02 11/20/02 12/18/02 03/11/03 04/02/03 04/29/03 05/20/03 
76.200 0.891 0.897 0.875 0.900 0.907 0.893 0.886 0.884 0.856 0.914 
19.050 0.877 0.883 0.875 0.863 0.897 0.879 0.886 0.884 0.856 0.878 
4.760 0.789 0.776 0.793 0.793 0.759 0.785 0.791 0.800 0.815 0.758 
2.000 0.665 0.647 0.705 0.667 0.589 0.655 0.649 0.650 0.736 0.622 
0.420 0.229 0.226 0.225 0.224 0.225 0.238 0.216 0.230 0.298 0.237 
0.250 0.192 0.185 0.185 0.183 0.195 0.191 0.180 0.180 0.173 0.187 
0.149 0.163 0.171 0.161 0.169 0.179 0.164 0.172 0.166 0.143 0.171 
0.074 0.154 0.161 0.155 0.158 0.163 0.150 0.168 0.162 0.133 0.162 
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Table C5.  The Distribution of Z-values for Sieve Analysis Data 
mm. 05/22/02 07/22/02 06/18/02 10/09/02 11/20/02 12/18/02 03/11/03 04/02/03 04/29/03 05/20/03 
76.2 1.23 1.27 1.15 1.28 1.32 1.24 1.21 1.19 1.06 1.37 
19.05 1.16 1.19 1.15 1.10 1.26 1.17 1.21 1.19 1.06 1.17 
4.76 0.80 0.76 0.82 0.82 0.70 0.79 0.81 0.84 0.90 0.70 
2 0.43 0.38 0.54 0.43 0.23 0.40 0.38 0.39 0.63 0.31 
0.42 -0.74 -0.75 -0.76 -0.76 -0.75 -0.71 -0.79 -0.74 -0.53 -0.72 
0.25 -0.87 -0.90 -0.90 -0.90 -0.86 -0.87 -0.92 -0.92 -0.94 -0.89 
0.149 -0.98 -0.95 -0.99 -0.96 -0.92 -0.98 -0.95 -0.97 -1.06 -0.95 
0.074 -1.02 -0.99 -1.02 -1.00 -0.98 -1.04 -0.96 -0.99 -1.11 -0.99 
 
 
 
 
 
 
 
 
 
 
  
235
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX D.  SEDIMENT QUALITY DATA 
 
  
236
Table D1.  Sediment Quality Data 
sam_id loc_id Run Sample Date Parameter "<>" DataValue units 
SW020523-
0000 WISS140 0 23-May-02 Aluminum  8987.83186 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Aluminum  10387.2371 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Aluminum  11045.591 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Aluminum  9777.68572 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Aluminum  10564.5989 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Ammonia < 7.33245344 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Ammonia < 7.25163162 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Ammonia  6.91371681 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Ammonia  6.82500683 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Ammonia  22.0933444 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Chloride < 50.096792 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Chloride < 49.8753483 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Chloride < 50.0072516 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Chloride < 50.1774502 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Chloride < 50.0276167 mg/kg 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  70 #/100 mls 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  40 #/100 mls 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  90 #/100 mls 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  80 #/100 mls 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  150 #/100 mls 
SW020523-
0000 WISS140 0 5/23/2002 E. coli  60 #/100 mls 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  477.750478 /g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  677.544248 /g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  552.33361 /g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  507.614213 /g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  791.904971 /g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  400 #/g 
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SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  350 #/g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  490 #/g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  350 #/g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  540 #/g 
SW020523-
0000 WISS140 0 23-May-02 Fecal Coliform  410 #/g 
SW020523-
0000 WISS140 0 23-May-02 Iron  17399.5649 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Iron  15697.3212 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Iron  17552.5442 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Iron  21247.9836 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Iron  15095.5501 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Manganese  207.125104 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Manganese  233.172019 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Manganese  211.747643 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Manganese  208.794248 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Manganese  233.415233 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Nitrate < 2.51160251 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Nitrate < 2.50276549 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Nitrate < 2.49456128 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Nitrate < 2.49303417 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Nitrate < 2.49930958 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Orthophosphate  2.09886772 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Orthophosphate  1.78815179 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Orthophosphate  2.03263274 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Orthophosphate  1.92893401 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Orthophosphate  2.11174659 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sodium  246.26541 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sodium  349.318082 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sodium  143.667035 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sodium  225.225225 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sodium  207.263187 mg/kg 
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SW020523-
0000 WISS140 0 23-May-02 Sulfate  72.0232052 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sulfate  89.0499862 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sulfate  89.3256893 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sulfate  73.1471239 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Sulfate  85.7897052 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 TKN  834.57985 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 TKN  842.349529 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 TKN  837.804204 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 TKN  714.987715 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 TKN  866.197183 mg/kg 
SW020523-
0000 WISS140 0 23-May-02 Total Solids (%)  68.19 % 
SW020523-
0000 WISS140 0 23-May-02 Total Solids (%)  68.95 % 
SW020523-
0000 WISS140 0 23-May-02 Total Solids (%)  72.32 % 
SW020523-
0000 WISS140 0 23-May-02 Total Solids (%)  72.42 % 
SW020523-
0000 WISS140 0 23-May-02 Total Solids (%)  73.26 % 
SW020523-
0000 WISS140 0 23-May-02 
Volatile Solids 
(%)  2.51 % 
SW020619-
0000 WISS140 1 18-Jun-02 Aluminum  8446.69366 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Aluminum  9862.82579 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Aluminum  9014.4357 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Aluminum  8940.55482 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Aluminum  9076.23888 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Ammonia < 6.85871056 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Ammonia < 6.56167979 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Ammonia < 6.60501982 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Ammonia  35.5781449 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Ammonia  56.6801619 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Chloride < 50.0660502 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Chloride < 49.9325236 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Chloride < 50.0685871 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Chloride < 50.1312336 mg/kg 
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SW020619-
0000 WISS140 1 18-Jun-02 Chloride < 49.5552732 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Fecal Coliform  1168.99619 MPN/g 
SW020619-
0000 WISS140 1 18-Jun-02 Fecal Coliform  2159.24426 MPN/g 
SW020619-
0000 WISS140 1 18-Jun-02 Iron  16156.3786 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Iron  15910.7612 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Iron  17603.6988 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Iron  15047.014 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Iron  16346.8286 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 
Largest 
significant 
dilution  0.1  
SW020619-
0000 WISS140 1 18-Jun-02 
Largest 
significant 
dilution  0.1  
SW020619-
0000 WISS140 1 18-Jun-02 Manganese  208.504801 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Manganese  181.102362 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Manganese  148.66582 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Manganese  191.632928 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Manganese  170.409511 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 MPN Index  9200  
SW020619-
0000 WISS140 1 18-Jun-02 MPN Index  16000  
SW020619-
0000 WISS140 1 18-Jun-02 Nitrate < 2.50317662 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Nitrate < 2.49662618 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Nitrate < 2.49657064 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Nitrate < 2.49669749 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Nitrate < 2.50656168 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Orthophosphate  1.97530864 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Orthophosphate  1.74540682 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Orthophosphate  1.94187583 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Orthophosphate  1.66454892 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Orthophosphate  2.05128205 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sodium  176.874206 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sodium  315.912209 mg/kg 
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SW020619-
0000 WISS140 1 18-Jun-02 Sodium  191.017173 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sodium  319.433198 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sodium  172.572178 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sulfate  72.1259843 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sulfate  63.0727023 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sulfate  62.0871863 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sulfate  67.9796696 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Sulfate  60.9986505 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 TKN  320.534979 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 TKN  304.225722 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 TKN  307.476882 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 TKN  303.087675 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 TKN  343.751687 mg/kg 
SW020619-
0000 WISS140 1 18-Jun-02 Total Solids (%)  72.9 % 
SW020619-
0000 WISS140 1 18-Jun-02 Total Solids (%)  76.2 % 
SW020619-
0000 WISS140 1 18-Jun-02 Total Solids (%)  75.7 % 
SW020619-
0000 WISS140 1 18-Jun-02 Total Solids (%)  78.7 % 
SW020619-
0000 WISS140 1 18-Jun-02 Total Solids (%)  74.1 % 
SW020619-
0000 WISS140 1 18-Jun-02 
Volatile Solids 
(%)  2.01 % 
SW020723-
0000 WISS140 2 22-Jul-02 Aluminum  9359.84355 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Aluminum  10990.8136 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Aluminum  8707.31707 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Aluminum  9432.29167 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Ammonia < 1.30208333 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Ammonia < 1.31233596 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Ammonia  1.32985658 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Ammonia  2.57452575 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Chloride < 100 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Chloride < 100 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Chloride < 100 mg/kg 
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SW020723-
0000 WISS140 2 22-Jul-02 Chloride < 100 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Fecal Coliform  708.661417 MPN/g 
SW020723-
0000 WISS140 2 22-Jul-02 Fecal Coliform  1199.47849 MPN/g 
SW020723-
0000 WISS140 2 22-Jul-02 Fecal Coliform  2168.02168 MPN/g 
SW020723-
0000 WISS140 2 22-Jul-02 Iron  18936.849 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Iron  20491.1343 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Iron  19957.1816 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Iron  23303.2808 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 
Largest 
significant 
dilution  0.1  
SW020723-
0000 WISS140 2 22-Jul-02 
Largest 
significant 
dilution  0.1  
SW020723-
0000 WISS140 2 22-Jul-02 
Largest 
significant 
dilution  0.1  
SW020723-
0000 WISS140 2 22-Jul-02 Manganese  140.625 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Manganese  170.603675 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Manganese  143.415906 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Manganese  204.607046 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 MPN Index  5400  
SW020723-
0000 WISS140 2 22-Jul-02 MPN Index  16000  
SW020723-
0000 WISS140 2 22-Jul-02 MPN Index  9200  
SW020723-
0000 WISS140 2 22-Jul-02 Sodium  278.515625 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sodium  245.632334 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sodium  288.617886 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sodium  286.614173 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sulfate  125.997375 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sulfate  103.99729 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sulfate  114.002608 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Sulfate  120 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 TKN  372.872629 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 TKN  411.082138 mg/kg 
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SW020723-
0000 WISS140 2 22-Jul-02 TKN  406.824147 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 TKN  466.914063 mg/kg 
SW020723-
0000 WISS140 2 22-Jul-02 Total Solids (%)  76.2 % 
SW020723-
0000 WISS140 2 22-Jul-02 Total Solids (%)  76.7 % 
SW020723-
0000 WISS140 2 22-Jul-02 Total Solids (%)  76.8 % 
SW020723-
0000 WISS140 2 22-Jul-02 Total Solids (%)  73.8 % 
SW020723-
0000 WISS140 2 22-Jul-02 
Volatile Solids 
(%)  2.1 % 
SW021009-
0005 WISS140 3 09-Oct-02 Aluminum  10964.3836 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Aluminum  11597.7809 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Aluminum  10624.1331 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Ammonia  8.45 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Ammonia  4.57 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Ammonia  5.95 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Chloride < 138.696255 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Chloride < 136.986301 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Chloride < 138.696255 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Fecal Coliform  328.767123 MPN/g 
SW021009-
0005 WISS140 3 09-Oct-02 Fecal Coliform  748.959778 MPN/g 
SW021009-
0005 WISS140 3 09-Oct-02 Fecal Coliform  485.436893 MPN/g 
SW021009-
0005 WISS140 3 09-Oct-02 Iron  17847.8918 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Iron  15782.8433 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Iron  15954.8219 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 
Largest 
significant 
dilution  0.1  
SW021009-
0005 WISS140 3 09-Oct-02 
Largest 
significant 
dilution  0.1  
SW021009-
0005 WISS140 3 09-Oct-02 
Largest 
significant 
dilution  0.1  
SW021009-
0005 WISS140 3 09-Oct-02 Manganese  242.302358 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Manganese  251.767123 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Manganese  251.49792 mg/kg 
  
243
SW021009-
0005 WISS140 3 09-Oct-02 MPN Index  2400  
SW021009-
0005 WISS140 3 09-Oct-02 MPN Index  5400  
SW021009-
0005 WISS140 3 09-Oct-02 MPN Index  3500  
SW021009-
0005 WISS140 3 09-Oct-02 Nitrate < 1.26560333 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Nitrate < 1.23458904 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Nitrate < 1.25 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sodium  301.400832 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sodium  218.30137 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sodium  285.852982 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sulfate  186.601942 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sulfate  215.534247 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Sulfate  166.879334 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 TKN  606.796117 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 TKN  616.366158 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 TKN  627.808219 mg/kg 
SW021009-
0005 WISS140 3 09-Oct-02 Total Solids (%)  72.1 % 
SW021009-
0005 WISS140 3 09-Oct-02 Total Solids (%)  73 % 
SW021009-
0005 WISS140 3 09-Oct-02 Total Solids (%)  72.1 % 
SW021009-
0005 WISS140 3 09-Oct-02 
Volatile Solids 
(%)  2.3 % 
SW021009-
0005 WISS140 3 09-Oct-02 
Volatile Solids 
(%)  2.2 % 
SW021009-
0005 WISS140 3 09-Oct-02 
Volatile Solids 
(%)  2.3 % 
SW021202-
0001 WISS140 4 20-Nov-02 Aluminum  12161.3237 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Aluminum  11387.2064 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Ammonia  5 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Ammonia  6.15 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Chloride < 147.732309 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Chloride < 147.732309 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Fecal Coliform  1373.76274 MPN/g 
SW021202-
0001 WISS140 4 20-Nov-02 Iron  19066.3318 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Iron  19500.6648 mg/kg 
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SW021202-
0001 WISS140 4 20-Nov-02 
Largest 
significant 
dilution  0.1  
SW021202-
0001 WISS140 4 20-Nov-02 Manganese  277.736741 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Manganese  264.440833 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 MPN Index  9299  
SW021202-
0001 WISS140 4 20-Nov-02 Nitrate < 1.25000443 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Nitrate < 1.25000443 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Orthophosphate  3.19101788 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Orthophosphate  3.33875018 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Sulfate  183.069877 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Sulfate  172.374058 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 TKN  715.733491 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 TKN  746.077707 mg/kg 
SW021202-
0001 WISS140 4 20-Nov-02 Total Solids (%)  67.69 % 
SW021202-
0001 WISS140 4 20-Nov-02 Total Solids (%)  67.69 % 
SW021202-
0001 WISS140 4 20-Nov-02 
Volatile Solids 
(%)  2.8 % 
SW021202-
0001 WISS140 4 20-Nov-02 
Volatile Solids 
(%)  2.8 % 
SW021218-
0010 WISS140 5 18-Dec-02 Aluminum  10960.9364 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Aluminum  10139.1304 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Ammonia  12.0509051 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Ammonia  6.47558528 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Chloride  304.478018 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Chloride < 133.779264 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Fecal Coliform  227.424749 MPN/g 
SW021218-
0010 WISS140 5 18-Dec-02 Fecal Coliform  231.386961 MPN/g 
SW021218-
0010 WISS140 5 18-Dec-02 Iron  16940.4682 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Iron  19154.757 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 
Largest 
significant 
dilution  0.1  
SW021218-
0010 WISS140 5 18-Dec-02 
Largest 
significant 
dilution  0.1  
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SW021218-
0010 WISS140 5 18-Dec-02 Manganese  232.74806 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Manganese  200.668896 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 MPN Index  1700  
SW021218-
0010 WISS140 5 18-Dec-02 MPN Index  1700  
SW021218-
0010 WISS140 5 18-Dec-02 Nitrate < 1.25016722 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Nitrate < 1.25003403 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Sulfate  430.624745 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Sulfate  139.826087 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 TKN  423.029808 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 TKN  429.16388 mg/kg 
SW021218-
0010 WISS140 5 18-Dec-02 Total Solids (%)  73.47 % 
SW021218-
0010 WISS140 5 18-Dec-02 Total Solids (%)  74.75 % 
SW021218-
0010 WISS140 5 18-Dec-02 
Volatile Solids 
(%)  3 % 
SW021218-
0010 WISS140 5 18-Dec-02 
Volatile Solids 
(%)  3.11 % 
SW030311-
0000 WISS140 6 3/11/2003 Aluminum  8290 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Aluminum  7860 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Aluminum  7370 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Ammonia < 1 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Ammonia < 1 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Ammonia < 1 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Chloride < 128 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Chloride < 131 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Chloride < 130 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Fecal Coliform  42.0382166 MPN/g 
SW030311-
0000 WISS140 6 3/11/2003 Iron  15400 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Iron  11600 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Iron  16200 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Manganese  140 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Manganese  188 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Manganese  220 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Nitrate  10 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Nitrate  5.16 mg/kg 
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SW030311-
0000 WISS140 6 3/11/2003 Nitrate  6.85 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Orthophosphate < 2.55 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Orthophosphate < 2.61 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Orthophosphate < 2.58 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Sulfate < 128 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Sulfate < 131 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Sulfate < 130 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 TKN  239 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 TKN  355 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 TKN  276 mg/kg 
SW030311-
0000 WISS140 6 3/11/2003 Total Solids (%)  78.5 % 
SW030311-
0000 WISS140 6 3/11/2003 Total Solids (%)  76.7 % 
SW030311-
0000 WISS140 6 3/11/2003 Total Solids (%)  77.4 % 
SW030311-
0000 WISS140 6 3/11/2003 
Volatile Solids 
(%)  1.1 % 
SW030311-
0000 WISS140 6 3/11/2003 
Volatile Solids 
(%)  1.3 % 
SW030311-
0000 WISS140 6 3/11/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  8040 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  7650 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  6920 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  8040 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  7650 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Aluminum  6920 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Ammonia < 1 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 134 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 130 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 132 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 134 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 130 mg/kg 
  
247
SW030402-
0017 WISS140 7 4/2/2003 Chloride < 132 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Fecal Coliform  29.3724967 MPN/g 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14500 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14600 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14700 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14500 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14600 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Iron  14700 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  192 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  166 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  170 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  192 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  166 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Manganese  170 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  8.3 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  12.8 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  4.78 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  8.3 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  12.8 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Nitrate  4.78 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  3.23 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  3.27 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  2.75 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  3.23 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  3.27 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Orthophosphate  2.75 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate < 134 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate < 130 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate  139 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate < 134 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate < 130 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Sulfate  139 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 TKN  268 mg/kg 
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SW030402-
0017 WISS140 7 4/2/2003 TKN  318 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 TKN  308 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 TKN  268 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 TKN  318 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 TKN  308 mg/kg 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  74.9 % 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  77 % 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  76.3 % 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  74.9 % 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  77 % 
SW030402-
0017 WISS140 7 4/2/2003 Total Solids (%)  76.3 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030402-
0017 WISS140 7 4/2/2003 
Volatile Solids 
(%)  1.1 % 
SW030429-
0000 WISS140 8 4/29/2003 Aluminum  8810 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Aluminum  7500 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Aluminum  8330 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Ammonia < 1 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Ammonia < 1 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Ammonia < 1 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Chloride < 132 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Chloride < 131 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Chloride < 135 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Fecal Coliform  17.1052632 MPN/g 
SW030429-
0000 WISS140 8 4/29/2003 Iron  13800 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Iron  12100 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Iron  14600 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Manganese  216 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Manganese  170 mg/kg 
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SW030429-
0000 WISS140 8 4/29/2003 Manganese  185 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Nitrate  1.61 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Nitrate < 1.25 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Nitrate  5.85 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Orthophosphate < 2.64 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Orthophosphate < 2.62 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Orthophosphate  2.8 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Sulfate  207 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Sulfate  146 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Sulfate  215 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  419 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  393 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  430 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  419 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  393 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 TKN  430 mg/kg 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  76 % 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  76.4 % 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  74.2 % 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  76 % 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  76.4 % 
SW030429-
0000 WISS140 8 4/29/2003 Total Solids (%)  74.2 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.7 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.7 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.6 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.7 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.7 % 
SW030429-
0000 WISS140 8 4/29/2003 
Volatile Solids 
(%)  1.6 % 
SW030520-
0000 WISS140 9 5/20/2003 Aluminum  7420 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Aluminum  7810 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Aluminum  8450 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Ammonia < 1 mg/kg 
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SW030520-
0000 WISS140 9 5/20/2003 Ammonia < 1 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Ammonia < 1 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Chloride < 133 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Chloride < 135 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Chloride < 134 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Fecal Coliform  65.0730412 MPN/g 
SW030520-
0000 WISS140 9 5/20/2003 Iron  12500 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Iron  14200 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Iron  17600 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Manganese  190 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Manganese  194 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Manganese  243 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Nitrate < 1.25 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Nitrate < 1.26 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Nitrate < 1.26 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Orthophosphate  4.57 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Orthophosphate  4.15 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Orthophosphate  4.27 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Sulfate < 133 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Sulfate < 135 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Sulfate < 134 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 TKN  517 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 TKN  586 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 TKN  474 mg/kg 
SW030520-
0000 WISS140 9 5/20/2003 Total Solids (%)  75.3 % 
SW030520-
0000 WISS140 9 5/20/2003 Total Solids (%)  74.2 % 
SW030520-
0000 WISS140 9 5/20/2003 Total Solids (%)  75 % 
SW030520-
0000 WISS140 9 5/20/2003 
Volatile Solids 
(%)  1.8 % 
SW030520-
0000 WISS140 9 5/20/2003 
Volatile Solids 
(%)  1.9 % 
SW030520-
0000 WISS140 9 5/20/2003 
Volatile Solids 
(%)  1.9 % 
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Table E1.  Water Quality Data 
 
sam_id loc_id Sample Date Run Parameter "<>" 
DataValu
e units 
DW020522-
0071 WISS140 22-May-02 0 Aluminum  0.087 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Aluminum  0.097 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Aluminum 
Dissolved  0.033 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Aluminum 
Dissolved  0.037 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Ammonia < 0.1 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Cadmium < 0.001 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Cadmium 
Dissolved < 0.001 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Calcium  38.7 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Chloride  71.8 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Chromium < 0.001 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Copper  0.001 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Copper 
Dissolved  0.009 mg/L 
DW020522-
0071 WISS140 22-May-02 0 E. coli  60 #/100 mls 
DW020522-
0071 WISS140 22-May-02 0 E. coli  40 #/100 mls 
DW020522-
0071 WISS140 22-May-02 0 Fecal Coliform  60 #/100 mls 
DW020522-
0071 WISS140 22-May-02 0 Fecal Coliform  40 #/100 mls 
DW020522-
0071 WISS140 22-May-02 0 Iron  0.129 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Iron  0.118 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Iron Dissolved  0.082 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Iron Dissolved  0.033 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Iron Dissolved  0.034 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Lead < 0.001 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Magnesium  14.8 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Manganese  0.021 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Manganese  0.022 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Manganese 
Dissolved  0.023 mg/L 
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DW020522-
0071 WISS140 22-May-02 0 
Manganese 
Dissolved  0.019 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Manganese 
Dissolved  0.019 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Nitrate  4.31 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Orthophosphat
e  0.349 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Silica  10.21 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Silica  9.95 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Sodium  46.873 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Sodium  46.038 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Sodium 
Dissolved  49.292 mg/L 
DW020522-
0071 WISS140 22-May-02 0 
Sodium 
Dissolved  48.202 mg/L 
DW020522-
0071 WISS140 22-May-02 0 TKN  0.507 mg/L 
DW020522-
0071 WISS140 22-May-02 0 TOC  2.901 mg/l       C 
DW020522-
0071 WISS140 22-May-02 0 
Total 
Phosphorus  0.4477 mg/L 
DW020522-
0071 WISS140 22-May-02 0 Turbidity  1.69 NTU 
DW020522-
0071 WISS140 22-May-02 0 Zinc  0.008946 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Aluminum  0.127 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Aluminum  0.127 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Aluminum  0.12 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Aluminum  0.12 mg/L 
DW020618-
0071 WISS140 18-Jun-02 1 
Aluminum 
Dissolved  0.182 mg/L 
DW020618-
0072 WISS140 18-Jun-02 1 
Aluminum 
Dissolved  0.031 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Calcium  35.917 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Calcium  37.372 mg/L 
DW020618-
0064 WISS140 18-Jun-02 1 Chloride  63.5 mg/L 
DW020618-
0065 WISS140 18-Jun-02 1 E. coli  180 #/100 mls 
DW020618-
0066 WISS140 18-Jun-02 1 E. coli  150 #/100 mls 
DW020618-
0065 WISS140 18-Jun-02 1 Fecal Coliform  190 #/100 mls 
DW020618-
0066 WISS140 18-Jun-02 1 Fecal Coliform  170 #/100 mls 
DW020618-
0069 WISS140 18-Jun-02 1 Hardness  153.591 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Hardness  157.884 mg/L 
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DW020618-
0069 WISS140 18-Jun-02 1 Iron  0.15 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Iron  0.15 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Iron  0.146 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Iron  0.146 mg/L 
DW020618-
0071 WISS140 18-Jun-02 1 Iron Dissolved  0.1 mg/L 
DW020618-
0072 WISS140 18-Jun-02 1 Iron Dissolved  0.039 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Magnesium  15.518 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Magnesium  15.679 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Manganese  0.018 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Manganese  0.018 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Manganese  0.018 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Manganese  0.018 mg/L 
DW020618-
0071 WISS140 18-Jun-02 1 
Manganese 
Dissolved  0.017 mg/L 
DW020618-
0072 WISS140 18-Jun-02 1 
Manganese 
Dissolved  0.015 mg/L 
DW020618-
0064 WISS140 18-Jun-02 1 Nitrate  3.824 mg/L 
DW020618-
0064 WISS140 18-Jun-02 1 
Orthophosphat
e  0.533 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Potassium  4.84 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Potassium  4.95 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Silica  9.83 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Silica  9.83 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Silica  9.79 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Silica  9.79 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Sodium  41.6 mg/L 
DW020618-
0069 WISS140 18-Jun-02 1 Sodium  41.637 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Sodium  41.4 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Sodium  41.357 mg/L 
DW020618-
0071 WISS140 18-Jun-02 1 
Sodium 
Dissolved  43.686 mg/L 
DW020618-
0072 WISS140 18-Jun-02 1 
Sodium 
Dissolved  42.447 mg/L 
DW020618-
0067 WISS140 18-Jun-02 1 TKN  0.472 mg/L 
DW020618-
0073 WISS140 18-Jun-02 1 TOC  3.339 mg/l       C 
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DW020618-
0065 WISS140 18-Jun-02 1 Total Coliform   #/100 ml 
DW020618-
0066 WISS140 18-Jun-02 1 Total Coliform   #/100 ml 
DW020618-
0068 WISS140 18-Jun-02 1 Turbidity  1.83 NTU 
DW020618-
0069 WISS140 18-Jun-02 1 Zinc  0.01 mg/L 
DW020618-
0070 WISS140 18-Jun-02 1 Zinc  0.009 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Aluminum  0.101 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Aluminum  0.093 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Aluminum 
Dissolved  0.071 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Aluminum 
Dissolved  0.018 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Ammonia < 0.1 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Calcium  38.633 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Chloride  101.4 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 E. coli < 10 #/100 mls 
DW020722-
0068 WISS140 22-Jul-02 2 Fecal Coliform < 10 #/100 mls 
DW020722-
0068 WISS140 22-Jul-02 2 Hardness  169.09 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Iron  0.098 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Iron  0.097 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Iron Dissolved  0.023 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Iron Dissolved  0.061 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Magnesium  17.636 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Manganese  0.019 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Manganese  0.02 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Manganese 
Dissolved  0.017 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Manganese 
Dissolved  0.016 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Nitrate  6.892 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Orthophosphat
e  1.037 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Potassium  7.93 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Silica  5.22 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Silica  5.26 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Sodium  67.322 mg/L 
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DW020722-
0068 WISS140 22-Jul-02 2 Sodium  67.909 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 Sodium  69.05 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Sodium 
Dissolved  70.534 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 
Sodium 
Dissolved  72.125 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 TKN  0.718 mg/L 
DW020722-
0068 WISS140 22-Jul-02 2 TOC  3.848 mg/l       C 
DW020722-
0068 WISS140 22-Jul-02 2 Turbidity  1.07 NTU 
DW020722-
0068 WISS140 22-Jul-02 2 Zinc  0.014 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Aluminum  0.055 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 
Aluminum 
Dissolved  0.034 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Ammonia < 0.2 mg/L as N 
DW021009-
0067 WISS140 09-Oct-02 3 Bromide  0.116 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Chloride  93 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 E. coli  10 #/100 mls 
DW021009-
0067 WISS140 09-Oct-02 3 Fecal Coliform  20 #/100 mls 
DW021009-
0067 WISS140 09-Oct-02 3 Iron  0.087 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Iron Dissolved  0.027 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Manganese  0.018 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 
Manganese 
Dissolved  0.016 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Nitrate  7.145 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Nitrite < 0.05 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 
Orthophosphat
e  1.028 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 Sulfate  71.4 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 TKN  0.524 mg/L 
DW021009-
0067 WISS140 09-Oct-02 3 TOC  3.39 mg/l       C 
DW021009-
0067 WISS140 09-Oct-02 3 Turbidity  0.956 NTU 
DW021120-
0069 WISS140 20-Nov-02 4 Aluminum  0.156 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 
Aluminum 
Dissolved  0.044 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 Ammonia < 0.2 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 Chloride  50.6 mg/L 
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DW021120-
0069 WISS140 20-Nov-02 4 E. coli  20 #/100 mls 
DW021120-
0069 WISS140 20-Nov-02 4 E. coli  100 #/100 mls 
DW021120-
0069 WISS140 20-Nov-02 4 Fecal Coliform  20 #/100 mls 
DW021120-
0069 WISS140 20-Nov-02 4 Fecal Coliform  100 #/100 mls 
DW021120-
0069 WISS140 20-Nov-02 4 Iron  0.222 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 Iron Dissolved  0.084 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 Manganese  0.018 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 
Manganese 
Dissolved  0.016 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 Nitrate  3.16 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 
Orthophosphat
e  0.32 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 TKN  0.666 mg/L 
DW021120-
0069 WISS140 20-Nov-02 4 TOC  4.73 mg/l       C 
DW021120-
0069 WISS140 20-Nov-02 4 Turbidity  4.04 NTU 
DW021218-
0064 WISS140 18-Dec-02 5 Aluminum  0.065 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 
Aluminum 
Dissolved  0.014 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 Ammonia  0.203 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 Chloride  100.7 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 E. coli  50 #/100 mls 
DW021218-
0064 WISS140 18-Dec-02 5 E. coli  10 #/100 mls 
DW021218-
0064 WISS140 18-Dec-02 5 Fecal Coliform  60 #/100 mls 
DW021218-
0064 WISS140 18-Dec-02 5 Fecal Coliform  20 #/100 mls 
DW021218-
0064 WISS140 18-Dec-02 5 Iron  0.131 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 Iron Dissolved  0.029 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 Manganese  0.018 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 
Manganese 
Dissolved  0.016 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 Nitrate  4.391 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 
Orthophosphat
e  0.438 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 TKN  0.609 mg/L 
DW021218-
0064 WISS140 18-Dec-02 5 TOC  2.85 mg/l       C 
DW021218-
0064 WISS140 18-Dec-02 5 Turbidity  2.57 NTU 
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DW030311-
0059 WISS140 3/11/2003 6 Aluminum  0.16 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Aluminum  0.147 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 
Aluminum 
Dissolved  0.032 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 
Aluminum 
Dissolved  0.025 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Ammonia < 0.1 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Chloride  110 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 E. coli  50 #/100 mls 
DW030311-
0059 WISS140 3/11/2003 6 Fecal Coliform  50 #/100 mls 
DW030311-
0059 WISS140 3/11/2003 6 Iron  0.213 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Iron  0.198 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Iron Dissolved  0.063 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Iron Dissolved < 0.05 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Manganese  0.033 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Manganese  0.031 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 
Manganese 
Dissolved  0.028 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 
Manganese 
Dissolved  0.029 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 Nitrate  3 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 
Orthophosphat
e  0.177 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 TKN  0.56 mg/L 
DW030311-
0059 WISS140 3/11/2003 6 TOC  2.99 mg/l       C 
DW030311-
0059 WISS140 3/11/2003 6 Turbidity  4.82 NTU 
DW030402-
0062 WISS140 4/2/2003 7 Aluminum  0.079 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Aluminum  0.068 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Aluminum 
Dissolved  0.027 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Aluminum 
Dissolved  0.027 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Ammonia < 0.1 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Ammonia < 0.1 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Chloride  97.9 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Chloride  97.9 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 E. coli  80 #/100 mls 
DW030402-
0062 WISS140 4/2/2003 7 Fecal Coliform  80 #/100 mls 
DW030402-
0062 WISS140 4/2/2003 7 Iron  0.118 mg/L 
DW030402- WISS140 4/2/2003 7 Iron  0.126 mg/L 
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0062 
DW030402-
0062 WISS140 4/2/2003 7 Iron Dissolved  0.021 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Iron Dissolved  0.024 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Manganese  0.026 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Manganese  0.026 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Manganese 
Dissolved  0.023 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Manganese 
Dissolved  0.024 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Nitrate  3.55 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 Nitrate  3.55 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Orthophosphat
e  0.3 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 
Orthophosphat
e  0.3 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 TKN  0.46 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 TKN  0.46 mg/L 
DW030402-
0062 WISS140 4/2/2003 7 TOC  2.63 mg/l       C 
DW030402-
0062 WISS140 4/2/2003 7 TOC  2.63 mg/l       C 
DW030429-
0057 WISS140 4/29/2003 8 Aluminum  0.049 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Aluminum  0.043 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 
Aluminum 
Dissolved  0.013 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 
Aluminum 
Dissolved  0.023 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Ammonia < 0.1 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Ammonia < 0.1 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Chloride  103 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Chloride  103 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 E. coli  50 #/100 mls 
DW030429-
0057 WISS140 4/29/2003 8 Fecal Coliform  60 #/100 mls 
DW030429-
0057 WISS140 4/29/2003 8 Iron  0.111 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Iron  0.105 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Iron Dissolved  0.018 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Iron Dissolved  0.015 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Manganese  0.028 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Manganese  0.029 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 
Manganese 
Dissolved  0.022 mg/L 
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DW030429-
0057 WISS140 4/29/2003 8 
Manganese 
Dissolved  0.022 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Nitrate  4.17 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 Nitrate  4.17 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 
Orthophosphat
e  0.511 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 
Orthophosphat
e  0.511 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 TKN  0.58 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 TKN  0.58 mg/L 
DW030429-
0057 WISS140 4/29/2003 8 TOC  2.95 mg/l       C 
DW030429-
0057 WISS140 4/29/2003 8 TOC  2.95 mg/l       C 
DW030429-
0057 WISS140 4/29/2003 8 Turbidity  1.2 NTU 
DW030429-
0057 WISS140 4/29/2003 8 Turbidity  1.2 NTU 
DW030520-
0065 WISS140 5/20/2003 9 Aluminum  0.065 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Aluminum  0.043 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 
Aluminum 
Dissolved  0.019 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 
Aluminum 
Dissolved  0.022 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Ammonia < 0.1 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Chloride  98.4 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Chloride  98.4 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 E. coli  180 #/100 mls 
DW030520-
0065 WISS140 5/20/2003 9 Fecal Coliform  200 #/100 mls 
DW030520-
0065 WISS140 5/20/2003 9 Fecal Coliform  200 #/100 mls 
DW030520-
0065 WISS140 5/20/2003 9 Iron  0.14 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Iron  0.188 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Iron Dissolved < 0.05 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Iron Dissolved  0.06 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Manganese  0.025 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Manganese  0.024 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 
Manganese 
Dissolved  0.018 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 
Manganese 
Dissolved  0.02 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Nitrate  4.7 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 Nitrate  4.7 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 
Orthophosphat
e  0.482 mg/L 
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DW030520-
0065 WISS140 5/20/2003 9 
Orthophosphat
e  0.482 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 TKN < 0.3 mg/L 
DW030520-
0065 WISS140 5/20/2003 9 TOC  3.11 mg/l       C 
DW030520-
0065 WISS140 5/20/2003 9 TOC  3.11 mg/l       C 
DW030520-
0065 WISS140 5/20/2003 9 Turbidity  1.15 NTU 
DW030520-
0065 WISS140 5/20/2003 9 Turbidity  1.15 NTU 
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APPENDIX F.  STATISTICAL METHODS AND RESULTS 
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Maximum Likelihood Regression Modeling of Below Detection Data 
 
Due to the large portion of Cryptosporidium data observed below the analytical detection 
limit, special techniques were necessary to determine if there were any potential 
correlations between sediment or water column characteristics and Cryptosporidium data.  
Therefore, a methodology proposed by Haas and Jacangelo (1993) was used to address 
the potential bias that non-detect data can create in regression models.  This methodology 
employs the use of the maximum likelihood approach to regression of below-detection 
limit dependent variables.  The following section provides a detailed description of this 
methodology, examples of its application to the study data, and the detailed results of all 
the regression modeling. 
 
If a data set has data that is considered type I censored, a multiple regression model is 
assumed such that the true mean for each observed condition (i=1….n) may be given by 
 
            j=p-1 
Equation F1. µi = βo + Σ βjxij 
            j= 1 
 
where µi = predicted mean value of the dependent variable under the regression model; xij 
= value of the jth independent variable for observation i, and the β = regression 
coefficients whose values are sought (p = number of coefficients).  In the case of this 
study, the linear form as shown in the previous equation was used, but it is possible to 
extend it to include nonlinear models. 
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Using a log-likelihood function  (ln L) it is assumed that the residuals (yi – µi) are 
normally and independently distributed with identical standard deviations as shown in the 
following equation  (Haas and Jacangelo, 1993). 
 
Equation F2. Λ1 = Ln L = - no ln σ – 0.5 {Σ[(yi – µi)/σ]2  +  Σ ln Φ[ (ŷi – µi)/σ]} 
 
Where observations i=1….no are quantitative results above the detection limit and 
observations no +1…n are below the detection limit at ŷi.  Note that ŷi may change 
between samples due to varying detection limits.  The standard deviation of the errors, σ, 
appears as part of equation F2, and is estimated as a part of the solution process.  The 
function Φ is the cumulative normal integral.  The resulting negative log-likelihood is 
denoted as Λ1. 
 
Equations F1 and F2 are solved simultaneously to determine the value of σ and β, which 
maximize the log-likelihood (or minimize the negative log-likelihood).  There are p+1 
unknown parameters to be determined.  
 
Once the negative log-likelihood function is minimized for the model, the likelihood ratio 
test, which compares the fit in the presence and the absence of the model is used to 
determine goodness of fit.  First, the value of µo and σo, which minimize the negative log 
likelihood are computed with the observed data.  The resulting negative log-likelihood is 
denoted as Λo.  The value of the negative log likelihood function without the model is 
minimized and recorded in the following equation.   
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Equation F3. Λo = Ln L = - no ln σ – 0.5 {Σ[(yi – µo)/σo]2  +  Σ ln Φ[ (ŷi – µo)/σo]} 
 
The test statistic is calculated as 2 * (Λo – Λ1) and compared to the critical value of chi-
square statistic for p-1 degrees of freedom.  If p<0.05 the null hypothesis is rejected and 
the regression model is accepted as providing an improved fit. 
 
Tables 1, 2, and 3 provide an example of the way the regression approach is performed.  
In Table 1, the Cryptosporidium water column data is used to develop a regression model 
that would be used to predict Cryptosporidium concentrations in the sediment.  
Therefore, Cryptosporidium concentrations in the water column or any other fitted 
parameter (turbidity, nitrate, etc.) would be represented as x in equation F1.  If the 
spreadsheet is developed in EXCEL, the Solver tool is run by changing the values of βo , 
βj , and σ to minimize the negative log likelihood function Λ1.  The columns A and B 
once summed represent the second and third terms of equation F2 for Λ1.  In Table 2, the 
observed Cryptosporidium concentrations in the sediment itself are used to determine the 
values of µo and σo and the value of Λo is calculated.  In Table 3, the improvement in fit 
by the model is calculated using equation F3.  As shown in the example, the linear 
regression model using water column concentrations of Cryptosporidium did not provide 
a statistically significant improvement in fit.  Therefore water column concentrations of 
Cryptosporidium cannot be used in a linear regression model to predict concentrations of 
Cryptosporidium in sediment or vice-versa.  Table F4 shows the results of all of the 
potential regression model tests.  As shown, no water quality or sediment characteristics 
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could be used to predict concentrations of Cryptosporidium in the water column or 
sediment. 
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Table F1.  Example Of Calculating The Negative Log-Likelihood Using A Linear 
Regression Model 
 Crypto/g Crypto/g Crypto/g    Crypto/L 
term yi µi ŷi A Z B X 
Date 
Sampled 
Observed 
Concentration 
Predicted 
Concentration 
Detection 
Limit 
Contribution 
by detects Z-value 
Contribution 
by Non-
detects 
Crypto/L 
in water 
column 
5/22/2002 0 0.360187 0.002531  
-
0.28819 -0.95036 0 
6/18/2002 0 0.360187 0.075758  
-
0.22918 -0.89315 0 
6/18/2002 0.075758 0.360187 0.075758 0.052525   0 
7/22/2002 0 0.360187 0.076923  
-
0.22825 -0.89226 0 
7/22/2002 0 0.360187 0.076923  
-
0.22825 -0.89226 0 
7/22/2002 0 0.360187 0.076923  
-
0.22825 -0.89226 0 
10/9/2002 0.26087 0.360187 0.086957 0.006404   0 
10/9/2002 0 0.360187 0.086957  
-
0.22016 -0.88462 0 
10/9/2002 0 0.360187 0.084034  
-
0.22252 -0.88684 0 
10/9/2002 0 0.360187 0.084034  
-
0.22252 -0.88684 0 
10/9/2002 0 0.360187 0.087719  
-
0.21955 -0.88404 0 
10/9/2002 0 0.360187 0.087719  
-
0.21955 -0.88404 0 
11/20/2002 0.094967 2.978458 0.094967 5.398318   1.4 
11/20/2002 0 2.978458 0.075643  -2.339 -4.63896 1.4 
11/20/2002 0 2.978458 0.075643  -2.339 -4.63896 1.4 
12/18/2002 0.78534 4.474612 0.08726 8.836956   2.2 
12/18/2002 0.097466 4.474612 0.097466 12.43952   2.2 
12/18/2002 0.083126 4.474612 0.083126 12.52116   2.2 
3/11/2003 0.030912 0.360187 0.030912 0.070395   0 
4/2/2003 0 0.547206 0.02281  
-
0.42254 -1.08971 0.1 
4/29/2003 0 0.360187 0.026144  
-
0.26916 -0.93165 0 
5/20/2003 0 0.360187 0.030285  
-
0.26583 -0.9284 0 
    19.66264  -21.1743  
 σ 1.24105 
 β o 0.360187 
 β j 1.870193 
# 
samples N 22 
# detects No 7 
Λ1 ln L 5.24E-07 
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Table F2.  Example Of Calculating The Negative Log-Likelihood Without The 
Regression Model 
 Crypto/g Crypto/g Crypto/g    
term yi µo ŷi A Z B 
Date 
Sampled 
Observed 
Concentrati
on 
Predicted 
Concentratio
n 
Detection 
Limit 
Contribution 
by detects Z-value 
Contribution 
by Non-
detects 
5/22/2002 0 0.000229 0.002531  -5.19886E-05 -0.69319 
6/18/2002 0 0.000229 0.075758  -5.19886E-05 -0.69319 
6/18/2002 0.075758 0.000229 0.075758 0.000294   
7/22/2002 0 0.000229 0.076923  -5.19886E-05 -0.69319 
7/22/2002 0 0.000229 0.076923  -5.19886E-05 -0.69319 
7/22/2002 0 0.000229 0.076923  -5.19886E-05 -0.69319 
10/9/2002 0.26087 0.000229 0.086957 0.003501   
10/9/2002 0 0.000229 0.086957  -5.19886E-05 -0.69319 
10/9/2002 0 0.000229 0.084034  -5.19886E-05 -0.69319 
10/9/2002 0 0.000229 0.084034  -5.19886E-05 -0.69319 
10/9/2002 0 0.000229 0.087719  -5.19886E-05 -0.69319 
10/9/2002 0 0.000229 0.087719  -5.19886E-05 -0.69319 
11/20/2002 0.094967 0.000229 0.094967 0.000463   
11/20/2002 0 0.000229 0.075643  -5.19886E-05 -0.69319 
11/20/2002 0 0.000229 0.075643  -5.19886E-05 -0.69319 
12/18/2002 0.78534 0.000229 0.08726 0.031765   
12/18/2002 0.097466 0.000229 0.097466 0.000487   
12/18/2002 0.083126 0.000229 0.083126 0.000354   
3/11/2003 0.030912 0.000229 0.030912 4.85E-05   
4/2/2003 0 0.000229 0.02281  -5.19886E-05 -0.69319 
4/29/2003 0 0.000229 0.026144  -5.19886E-05 -0.69319 
5/20/2003 0 0.000229 0.030285  -5.19886E-05 -0.69319 
   Sum A 0.018456 Sum B -10.3978 
Calculated σo 4.40512 
Calculated µo 0.000229 
   
# samples N 22 
# detects No 7 
Λo Ln L 9.27E-07 
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Table F3.  Example of Likelihood Ratio Test Results for Improvement in Fit of the 
Regression Model To Describe Cryptosporidium Concentrations in Sediment 
Parameter Value 
Λ1 5.24E-07 
Λo 9.27E-07 
χ2 8.05E-07 
p-value 0.999 
  
p > 0.05, No significant 
improvement in fit 
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Table F4.  Summary of Likelihood Ratio Test Results for Improvement in Fit of the 
Regression Model To Predict Cryptosporidium Concentrations in Sediment and The 
Water Column Using Various Water Quality and Sediment Characteristics 
Model 
matrix 
Model 
parameter 
Predicted 
Variable 
Predicted 
Matrix model 
no 
model 
chi-
square p-value 
WC % DO Sat Crypto/g sed 3.92E-07 8.71E-07 9.59E-07 1.00 
sed % fines Crypto/g sed 4.56E-07 8.71E-07 8.31E-07 1.00 
sed % gravel Crypto/g sed 8.19E-07 8.71E-07 1.05E-07 1.00 
sed % sand Crypto/g sed 9.59E-07 8.71E-07 1.75E-07 1.00 
sed % TS Crypto/g sed 8.12E-07 8.71E-07 1.18E-07 1.00 
sed % VS Crypto/L WC 7.39E-07 8.55E-07 2.33E-07 1.00 
sed % VS Crypto/g sed 4.6E-07 8.71E-07 8.22E-07 1.00 
sed Al Crypto/g sed 0.22149 8.71E-07 0.442978 0.51 
sed Chloride Crypto/L WC 9.03E-07 8.55E-07 9.65E-08 1.00 
sed Chloride Crypto/g sed 6.98E-07 8.71E-07 3.46E-07 1.00 
WC Conductivity Crypto/L WC 9.13E-07 8.55E-07 1.16E-07 1.00 
sed Crypto/g Crypto/L WC 2.37E-07 8.55E-07 1.24E-06 1.00 
WC Crypto/L Crypto/g sed 9.22E-07 8.71E-07 1.01E-07 1.00 
WC DO Crypto/L WC 6.18E-07 8.55E-07 4.74E-07 1.00 
sed Fe Crypto/L WC 1.95225 8.55E-07 3.904499 0.05 
sed Fecal Coliform Crypto/g sed 9.77E-07 8.71E-07 2.12E-07 1.00 
WC Flow Crypto/L WC 4.05E-07 8.55E-07 8.99E-07 1.00 
sed Mn Crypto/g sed 8.56E-07 8.71E-07 3.02E-08 1.00 
WC Mn Diss Crypto/g sed 9.77E-07 8.71E-07 2.12E-07 1.00 
WC Mn Total Crypto/g sed 9.79E-07 8.71E-07 2.16E-07 1.00 
sed NH3 Crypto/g sed 9.84E-07 8.71E-07 2.26E-07 1.00 
WC NH3 Crypto/g sed 5.01E-07 8.71E-07 7.41E-07 1.00 
sed Nitrate Crypto/g sed 3.1E-07 8.71E-07 1.12E-06 1.00 
WC PO4 Crypto/L WC 3.27E-09 8.55E-07 1.7E-06 1.00 
sed SO4 Crypto/L WC 6.21E-08 8.55E-07 1.59E-06 1.00 
sed SO4 Crypto/g sed 8.47E-07 8.71E-07 4.9E-08 1.00 
WC Temp C Crypto/L WC 4.28E-07 8.55E-07 8.53E-07 1.00 
WC Temp C Crypto/g sed 4.03E-07 8.71E-07 9.36E-07 1.00 
WC Turbidity Crypto/L WC 7.13E-07 8.55E-07 2.84E-07 1.00 
Note:  calculated values of  σo and µo for the previous regression tests are provided in 
Table F-5 
 
 
Table F5.  Calculated values of  σo and µo Used in Regression Tests 
Matrix Parameter σo µo 
Water 
Column Crypto/L 4.797176 1E-05 
Sediment Crypto/g 4.448733 0.02505 
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Binomial Proportions Test 
 
A test of binomial proportions is used to compare the frequency of occurrence in one 
population to another to determine if they are similar.  The test compares the observed 
and expected number of successes to determine if they are statistically different.  As 
given by Snedcore and Cochran (1989) the data is combined in the following manner: 
 
Table F6.  Binomial Proportion Format 
  Successes Failures 
observed f r n - r 
expected F np n - np 
O - E (f- F) r - np  - (r - np) 
 
Where: 
q = 1 - p 
r = # of successes 
n = number of independent 
trials 
p = probability of success 
 
The test for statistical difference is calculated by equation F4: 
 
Equation F4.  z2 = x2 = (r - np)2 / (npq) 
 
The data for Cryptosporidium detection in sediment samples was then compiled into the 
previous format to give the following format in Table F7: 
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Table F7.  Binomial Proportion Format Applied To Study Data 
 Successes Failures 
f 7 15 
F 6.6 15.4 
O-E 0.4 -0.4 
 
Where 
p = 0.3 
N = 22 
r = 7 
q = 1 – 0.3 = 0.7 
 
 
The probability (p) was determined to be 0.3 based on the observed frequency of 
Cryptosporidium detection in the water column.  Using the previous formula for the test 
of statistical difference, the following results were calculated: 
 
Table F8.  Chi-square Test Results For Binomial Proportions Test 
x2 0.001527
p value 0.968826
 
As shown, since p>0.05, the null hypothesis cannot be rejected and there is no statistical 
difference in Cryptosporidium detection between the sediment and water column. 
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Determining Absolute Goodness of Fit For Likelihood Data 
 
The absolute goodness of fit test is also called the lack of fit test.  Consider the data set in 
Table F9 below with oocyst counts of Xi in a volume of Vi.  This can be fit to any 
discrete distribution using a likelihood ratio approach, so for example for the poisson 
distribution, we know that the poisson mean is sum Xi/sumVi .  Given this, we can 
compute the probability of observing each value and the likelihood as follows: 
 
 
Table F9.  Example of Lack Of Fit Test 
Vi - 
Volume 
Ex. (L) 
Xi - counts 
(oocysts) # oocysts/L P(i)  - 2lnL Pi (null)  - 2ln L (null)
5 0 0 0.12802169 4.11111113 0.1 4.60517019 
10 0 0 0.01638955 8.22222226 0.1 4.60517019 
10 0 0 0.01638955 8.22222226 0.1 4.60517019 
5 0 0 0.12802169 4.11111113 0.1 4.60517019 
10 0 0 0.01638955 8.22222226 0.1 4.60517019 
10 0 0 0.01638955 8.22222226 0.1 4.60517019 
10 0 0 0.01638955 8.22222226 0.1 4.60517019 
10 1 0.1 0.06737928 5.39483558 0.1 4.60517019 
10 14 1.4 7.4061E-05 19.0212511 0.1 4.60517019 
10 22 2.2 4.6871E-10 42.962078 0.1 4.60517019 
     
N mu sum - 2lnL 
sum - 
2lnL(null) 
 - 2 N ln 
(1/N) 
10 
0.4111111
1 
116.71149
8 46.0517019 46.0517019 
  delta dof p-value 
  
141.31959
3 9 5.51E-26 
 
 
 
The third column is the observation, the fourth is the Poisson probability of observing 
that value given the computed (MLE) mean.  The sum over the likelihoods is computed 
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to determine that the 2 ln L is 116.71 for the poisson fit.  It is now asked whether a null 
hypothesis that the fit is substantially worse than no fit at all exists (i.e., the null 
hypothesis is that there is no lack of fit). 
 
 It is assumed that there is a probability 1/N of each observation occurring (a null 
distribution) and thereby compute a null likelihood.  The null likelihood was directly 
computed using the following equation. 
 
Equation F5.  - 2ln L (null) =  - 2 N ln (1/N) 
Where: N = number of samples 
 
Using an N value of 10, the null likelihood was computed as 46.05.  The sum of the 2 ln 
L for the null probability can be used as a check for the null likelihood computed using 
the direct computation method.  The difference between the poisson and null values 
serves as a goodness of fit test (with difference of degrees of freedom equal to N-(# 
fitting parameters).  In this case the delta was 141.3 for nine degrees of freedom resulting 
in a p-value of much less than 0.05.  Since p<0.05, it means we reject the null hypothesis 
and distribution does not capture same amount of data as empirical data itself.  Table F10 
provides a summary of the results for all lack of fit tests performed on the 
Cryptosporidium data for the water column and streambed sediment. 
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Table F10.  Summary of Lack of Fit Test Parameters and Results Using Negative 
Binomial and Poisson Distribution For Cryptosporidium in The Streambed Sediment 
and Water Column 
Distribution Poisson Poisson Poisson Poisson Neg Bin Neg Bin 
matrix 
water 
column 
Sediment 
(g) 
Sediment (L 
eq.) 
Pooled 
(Volume) 
water 
column 
Sediment 
(g) 
N 10 22 22 32 10 22 
mu 0.411111 0.022719 0.429564 0.416747 0.372035 0.062206 
k N/A N/A N/A N/A 0.107629 0.174688 
sum - 2lnL 116.71 106.86 71.70 297.71 295.08 52.13 
sum - 
2lnL(null) 46.05 136.01 136.01 221.81 46.05 136.01 
 - 2 N ln 
(1/N) 46.05 136.01 136.01 221.81 46.05 136.01 
delta 2 ln L 70.66 29.15 64.31 75.91 249.03 83.87 
dof 9 21 21 32 8 20 
p-value 1.13E-11 0.110433 2.79E-06 1.98E-05 2.76E-49 8.55E-10 
Lack of fit YES NO YES YES YES YES 
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